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Preface 
This thesis is submitted as a series of four publications. The format for a thesis 
submitted as a series of publications includes the writing of an overarching statement 
to serve as an introduction to the assessable work. The overarching statement makes 
reference to the four scholarly research papers, explaining their sequence and 
interdependence. 
Four published academic papers in peer-reviewed journals are referenced. Each 
paper comprises original work that I conducted. I conceptualised the research project 
together with my supervisory panel, and conducted the data collection, analyses, 
interpretation and writing present in this thesis. All work was accomplished during 
the period of enrolment. 
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Abstract 
This PhD portfolio presents four papers which examine how environmental impacts 
at the peri-urban interface compare under different housing and fresh food 
production land use scenarios for Sydney, Australia. Combined environmental 
impacts from urban expansion for housing replacing peri-urban horticultural farms 
may be significant: urban and agricultural emissions represent almost half of global 
anthropogenic greenhouse gas (GHG) emissions. Expansion of housing onto peri-
urban cropland may additionally displace fresh food production to more remote 
locations. Such expansion could increase environmental burdens in other sectors and 
locations in order to continue to feed growing urban populations; however, the built 
environment and fresh food production are typically viewed as separate entities. 
Crucially, how peri-urban regions are urbanised may contribute to the capacity of 
cities to mitigate climate change and other environmental impacts. Using housing 
and fresh food production land use scenarios, the principle of environmental 
accounting for both horticultural change and housing development at the peri-urban 
interface was examined. 
Paper 1 examined the horticultural system independently of the housing system, 
comparing environmental impacts from smaller peri-urban lettuce farms to 
alternative growing technologies and a larger, more remote farm. Displacement of 
lettuce production, which is a crop of significance to the Sydney region, by housing 
would drive production to such remote locations. The method of life cycle 
assessment was used, which provides environmental impact characterisation with 
capacity to report on a selection of different environmental indicators. Data for the 
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life cycle assessment were obtained through interviews with farmers and literature. 
Lower on-farm emissions at the larger, more remote farm were negated by supply 
chain impacts, and peri-urban production was shown to benefit environmental 
outcomes. 
Building on the results obtained, the horticultural system was expanded to include 
housing. Exploratory scenarios were used to compare the environmental impacts of 
alternative peri-urban designs (Paper 2). Each scenario was able to house an 
equivalent residential population while delivering equal quantities of fresh food to 
Sydney’s central fruit and vegetable market. Housing types included new houses in 
greenfield peri-urban locations and infill medium-density apartments on existing 
urban land. Fresh food production included field and high technology greenhouse 
produced lettuce. Compensation for displaced peri-urban horticultural production 
from more remote locations was included. Computer modelling of each scenario was 
performed using life cycle assessment. Data for the life cycle assessment from Paper 
1 were expanded, using information from a land developer and literature to ensure 
spatial and temporal relevance. Integrated scenarios illustrative of possible ways of 
delivering lower environmental impacts at the peri-urban interface were thus 
described. 
Optimal housing and food production land use scenarios were those favouring infill 
housing with retained commercial peri-urban horticulture; reductions of 25 to 43 
percent across a spectrum of regionally relevant environmental impacts occurred 
compared to greenfield development displacing horticulture. Capitalising on high 
technology covered cropping in peri-urban regions spared peri-urban land for other 
uses such as afforestation. Urban afforestation on peri-urban land made available in 
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scenarios using high technology cropping reduced GHG emissions by up to five 
percent per hectare per year. 
Expanding the system boundary scenarios from Paper 2, the GHG emissions for both 
the direct and indirect land use change were estimated (Paper 3). Direct land use 
change included services infrastructure, earth and civil works, and associated soil 
organic carbon changes to prepare horticultural land for housing. Indirect land use 
change due to displaced crop production inducing land use change elsewhere was 
compared using several published methods. The magnitude of direct and indirect 
land use change emissions, at eight percent of total GHG emissions for new housing 
in a peri-urban greenfield development, suggests that both have importance in future 
land use decision making with respect to peri-urban environments. 
The research was extended to future time horizons 2050 and 2100 (Paper 4). Future 
scenarios were thematically downscaled from the four representative concentration 
pathways, and differences in population, technology, energy, housing form, 
transportation, temperature, food production and land use change were described. 
Future scenarios determined an additional future burden of GHG emissions per new 
resident in Sydney of between 0.7 and 6.1 t carbon dioxide equivalent (CO2-e) per 
year. Indirect land use change has the potential to be significant. Comparative future 
scenarios demonstrated the types of interventions that can be applied to generate 
lower relative emissions due to peri-urban land use change. 
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Chapter 1: Introduction 
The research project presented in this thesis develops and applies new analytic 
approaches to assess environmental impacts associated with extracting peri-urban 
horticultural land for housing. Assessing fresh food production and housing together 
is essential because food as well as housing is needed for growing populations. The 
two differing land uses of horticulture and housing come into sharp focus in the peri-
urban zone, and a decision taken about one impacts the other and vice versa. A 
weakness of prior studies has been viewing the built environment and food 
production as separate entities with inadequate consideration of the environmental 
consequences of peri-urbanisation; for example, expansion of housing may displace 
fresh food production to more remote locations, but the environmental impacts 
associated with this displacement are not typically considered with new housing as 
an integrated whole. Integrating environmental assessment of fresh food production 
and the built environment is a unique approach and necessary to support the decision 
to extract land from horticulture for housing. Supporting decisions with 
comprehensive environmental impact data is particularly vital in the face of the 
unknown ramifications of climate change. Life cycle assessment was used as the 
analytical tool to integrate environmental assessment, within scenarios of peri-urban 
land use change in Sydney, Australia. Further information on the background is 
included in the subsequent subsections of Chapter 1. 
The research has been presented through a series of four published papers. The four 
papers expand from assessment of local, to regional, then to long-term 
environmental effects (Figure 1-1) pertaining to peri-urban horticultural production 
and associated peri-urbanisation. Peri-urban horticultural farms are first compared to 
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larger, more remote farms or alternative technologies in Paper 1 to determine if there 
is any environmental benefit to retention of commercial peri-urban fresh food 
production. Scenarios of peri-urban land use (horticulture versus housing) in the 
present day are developed in Papers 2 and 3, evolving into long-term scenarios in 
Paper 4. Life cycle assessment is critical as the analytical tool as it characterises 
multiple environmental impacts from which trade-offs can be assessed, it includes 
supply chains, spatially relevant data can be used, and indirect consequential impacts 
may be examined. Life cycle assessment provides an innovative systems-based 
solution for informing complex land use decisions, providing environmental data to 
balance economic and social factors under the banner of sustainability. Synthesising 
methods and knowledge from multiple disciplines, as performed in this series of four 
papers, has produced new knowledge, advancing the pool of available information to 
inform the climate policy debate on land use. 
 
Figure 1-1. The scaffolding approach to the research question. 
Paper 1.
Farm and supply chain. 
Paper 2.
Farm, supply chain and housing.
Paper 3.
Adding the consequent direct 
and indirect changes in land 
use.
Paper 4.
Farm, supply chain,  housing, 
direct and indirect changes in 
land use at 2050 and 2100 time 
horizons.
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1.1 Thesis structure 
This thesis has been produced as a series of four scholarly research papers and is 
structured as depicted in Figure 1-2. Each paper has been peer reviewed and 
accepted in a refereed academic journal. Chapter 1, this chapter, provides a high-
level introduction to the research, including the thesis structure, geographical 
context, research need and aims. Chapter 2 provides background on land use change 
as the study imperative. The research design is explained in Chapter 3, and Chapter 4 
expands on data handling. Chapter 5 explores the role of the research in climate 
mitigation strategies. Chapter 6 lists the four papers in their published form and 
Chapter 7 explains the context for each paper as required by the University’s policy 
on completing a doctorate as a series of papers. Chapters 8 and 9 present the 
conclusions and recommendations, respectively. Appendices A to D provide the 
printed copies of the published works, Appendix E lists further work published 
during this doctorate, and Appendix F contains supporting data.  
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Figure 1-2. Structure of the thesis.  
•Thesis structure, geographical context, informing an 
uncertain future through scenarios 
•PhD project aims and outcomes
Chapter 1
Introduction
•Background on importance of land use change in peri-
urban context
Chapter 2
Land use change as 
imperative for action
•Justification for research approach
Chapter 3
Research design
•Data collection
•Life cycle inventory
•Impact assessment
Chapter 4                                 
Data handling
•The role of the research in climate mitigation 
strategies
Chapter 5                        
Potential mitigative action
•Papers 1, 2, 3, and 4
Chapter 6
The four research papers
•Relevance, impact, applicant’s development
•Methodology and scientific contribution
•Place in an integrated series of papers
Chapter 7
Contextualisation of each 
paper
•Conclusions
Chapter 8
Conclusions
•Recommendations for further researchChapter 9               Recommendations
•The research papers in printed form
•Other published works and conference papers
•Supporting data
Appendices
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1.2 The peri-urban zone and geographical context 
The geographical context for the four papers centred on the Sydney basin in 
Australia. The Sydney basin, which includes Sydney’s peri-urban regions, was 
represented by the Sydney statistical division, as defined by the Australian Bureau of 
Statistics (ABS, 2007) and shown in Figure 1-3. The Sydney basin provides an 
example of a major city expanding in an area that is geographically constrained, 
being bounded by mountains to the north, west and south and ocean to the east, 
physically limiting city growth. Intense competition for peri-urban land consequently 
results: those who require land and who cannot compete within the Sydney basin 
face major relocation, not only to suburban fringes, but due to the geographical 
boundaries to more remote regional areas. 
All cities have a peri-urban zone, as exemplified for Sydney in Figure 1-4. Wherever 
cities are growing, this transitional peri-urban region between urban and rural 
districts is contested. Contestation occurs between a multitude of land uses, such as 
housing, industry, ecosystem preservation and food production (Kennedy, Butt, & 
Amati, 2016). In the developed and growing city of Sydney, the population is 
expected to increase from 5.1 million in 2017 to approximately 8.5 million by 2061 
(ABS, 2013). Urbanisation of peri-urban regions is a means of attaining housing and 
employment objectives for this growing population (New South Wales [NSW] 
Department of Planning, 2010). Peri-urban land development norms that favour 
consumption of peri-urban food-producing land by housing or other urban 
development, such as the current metropolitan plan for Sydney (NSW Planning and 
Environment, 2014; McFarland, 2015), paradoxically reduce commercial fresh food 
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production capacity that may support the dietary needs of an increasing urban 
population. 
 
Figure 1-3. Sydney statistical division. 
From “Australian standard geographical classification (ASGC) – New South Wales 
maps,” by Australian Bureau of Statistics (ABS), 2007 
(http://www.abs.gov.au/ausstats/abs@.nsf/detailspage/1216.0jul%202007?opendocu
ment). In the public domain. 
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Figure 1-4. Peri-urban development in the south-west priority growth area near Cobbitty, New South Wales.  
From “Cobbitty, New South Wales,” by Google Maps, 2017 (https://www.google.com.au/maps/place/Cobbitty+NSW+2570). Copyright 2017 
by Google. 
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Several different possibilities for peri-urban land use may be possible, of which 
housing and commercial horticulture are examples. Integrating housing and 
horticultural land uses may increase the resilience of a city’s food system, or the 
capacity of a food system over time to provide sufficient, accessible and appropriate 
food in the face of various disturbances (Tendall et al., 2015). Systems that are 
resilient can better adapt to disturbances, such as those that will manifest at the nexus 
of increasing population, demand for water and climate change related impacts. Land 
use scenarios that integrate feeding and housing a growing urban population at lower 
relative environmental impacts therefore require examination. A research need exists 
to investigate a comprehensive, systems-based interdisciplinary approach that 
examines land use scenarios and produces evidence in support of decisions on peri-
urban land use change. 
1.3 Informing an uncertain future through scenarios 
Integrated environmental assessment of fresh food production and the built 
environment is necessary to support the decision to extract land from horticulture for 
housing. Natural capital provides a limited flow of goods that support civilisation, 
and the choice to reduce this flow by using land for housing instead of food 
production is important: growing populations require housing but also continue to 
require food. Changing peri-urban land use to housing may also compromise future 
efforts to mitigate climate change. Climate change is a pressing environmental 
impact of preeminent global concern; however, housing form may create 
infrastructure lock-in risks that reduce a city’s capacity to reduce future greenhouse 
gas (GHG) emissions. Once land is “locked-in” by housing its use is typically GHG 
intensive and costly to change; hence, land use decisions that evaluate alternatives 
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and best support an increasingly uncertain future are required (Intergovernmental 
Panel on Climate Change [IPCC], 2014). Integrating environmental assessment 
through use of life cycle assessment, embedded within scenarios of peri-urban land 
use change, aids management of future uncertainty concerning the possible but 
unknown ramifications of climate change. 
Extracting peri-urban horticultural land for housing may have ramifications for 
resilience if current traditional agricultural zones become vulnerable (less able to 
cope with detrimental effects of climate change). In the Australian context, the 
combined influences of climate change and relatively high population growth merge 
to produce a future that is highly uncertain. Climate change has been attributed with 
increasing vulnerability of human systems and ecosystems to climate variability and 
extreme weather events in Australia; for example, agricultural production in the 
Murray–Darling Basin, a key horticultural production zone, is highly vulnerable to 
climate variability and change due to projected drying conditions and reduced 
streamflows (Bureau of Meteorology, 2016; Commonwealth Scientific and Industrial 
Research Organisation, 2012; Nelson et al., 2010). Declines in agricultural 
production are likely if climate scenarios of projected drying eventuate, and zones of 
traditional agricultural production are likely to shift. Anticipated declines in water 
availability are aggravated by increased water demand and rising prices, which may 
eventuate through competition with other industries including mining, environmental 
users and urban users (Reisinger et al., 2014). Increased competition for water in 
rural areas combined with displacement of horticultural production from peri-urban 
areas may challenge the capacity of Australia’s fresh food production network to 
maintain trade surplus while meeting the food needs of an increasing population. 
Extracting peri-urban horticultural land for housing may have adverse outcomes for 
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the city’s ability to feed a population growing at one of the highest rates of any 
country in the Organisation for Economic Co-operation and Development (OECD) 
(Figure 1-5). 
 
Figure 1-5. Rate of population increase of Australia in comparison to other 
Organisation for Economic Co-operation and Development (OECD) nations.  
Adapted from “OECD data, population (indicator),” by OECD, 2017 
(https://data.oecd.org/pop/population.htm doi: 10.1787/d434f82b-en). In the public 
domain. 
 
Climate change is expected to increase vulnerability in human urban systems and 
actions now may mitigate future effects. Vulnerability may materialise, for example, 
as increased mortality (Huang et al., 2011) or household energy use. Turning to the 
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study area covered in the four papers, large increases in household cooling energy 
are projected (Figure 1-6) for currently balanced heating/cooling zones such as 
Sydney, which will increase total household energy requirements (Wang, Chen, & 
Ren, 2010). The burden of this increased energy use, for the Sydney context, is 
expected in the outer suburban regions subject to the largest daily and annual 
temperature extremes and the area of greatest existing social disadvantage (Baum & 
Gleeson, 2010). Western Sydney may experience increases in average annual 
maximum temperatures of between 0.9 and 3.7 degrees Celsius by the year 2090, 
dependent upon representative concentration pathway (Clarke, Whetton, & 
Hennessey, 2011). Mitigating climate change through pursuing policies that reduce 
the environmental impact of urban form will reduce future vulnerability. 
 
Figure 1-6. Sensitivity of the total combined heating and cooling energy requirement 
to global warming for a house in Sydney with a 5-star energy rating.  
From “Assessment of climate change impact on residential building heating and 
cooling energy requirement in Australia,” by X. Wang, D. Chen, and Z. Ren, 2010, 
Building and Environment, 45, p. 1674. Copyright 2010 by Elsevier Ltd. 
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Decisions on peri-urban land use made now should have a foundation in their 
capacity to support an increasingly uncertain future by reducing future adverse 
environmental and climate impacts. Effective management of uncertainty, in order to 
inform good policy, requires multilevel evaluation of alternative strategies and 
scenarios supported across institutional boundaries and at local and regional scales 
(Head, 2014). Evaluation of alternative scenarios should include where possible the 
status quo1 in the options evaluated to give a clearer picture of the positive and 
negative aspects of actions taken in scenarios different to the status quo (Peterson et 
al., 1997). Anticipating future conditions requires new information and perspectives 
to support decisions that may be needed without full knowledge or clear probabilities 
of outcomes (Polasky, Carpenter, Folke, & Keeler, 2011). Integrated scenarios of 
peri-urban land use change may provide such new perspectives and identify peri-
urban development pathways that support mitigative climate change efforts. 
1.4 PhD project aims and outcomes 
A research need exists for examination of environmental impacts in decisions 
concerning changes to land use in peri-urban regions, leading to the research 
question “how do environmental impacts at the peri-urban interface compare 
under different housing and food production land use scenarios?” The land use 
scenarios limited the scope of land uses to the following: low-density housing in 
greenfield peri-urban locations; medium-density infill apartments in existing urban 
centres; commercial field-based fresh vegetable production; greenhouse fresh 
                                                 
1 The status quo refers to “business-as-usual” conditions. 
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vegetable production; and afforestation. Figure 1-7 summarises how the research 
question was woven through the aims and outcomes of the four research papers. 
Conduct a spatially relevant analysis of the 
environmental impacts of fresh food 
production for a food reaching the local 
Sydney market. How do environmental 
impacts compare between locations and 
growing technologies, considering the supply 
chain to the local Sydney market?
Research Aims Research Outcomes
Peri-urban field production for a fresh perishable vegetable was 
compared to field production from a larger, more remote farm 
and from alternative growing technologies. Spatial relevance to 
the Sydney market was assured through data collection at farm 
level and consideration of supply chain to the Sydney central 
fruit and vegetable market at Homebush, New South Wales 
(Paper 1).
Examine the environmental consequences of 
the decision to urbanise and displace peri-
urban fresh food production. Consider 
housing systems and whether food is grown 
locally or remotely.
What integrated land use options may exist to 
both feed and house an expanding urban 
population at lower relative environmental 
impact?
Using a novel application of life cycle assessment within 
exploratory scenarios, a method for integrating housing and food 
production land uses in peri-urban regions was proposed, based 
on relative environmental impacts. Sparing peri-urban land 
through infill housing development combined with sustainable 
food intensification using high technology greenhouse 
production enabled multifunctional peri-urban land uses, 
including food production, housing and afforestation, while 
delivering lower relative environmental impacts (Paper 2).
Analyse the contribution that direct (dLUC) 
and indirect land use change (iLUC) make to 
greenhouse gas (GHG) emissions for the 
transition from peri-urban cropland to 
housing.
The decision to urbanise and displace peri-
urban fresh food production contributes to 
both direct and indirect land use change. Little 
spatially relevant research into the transition 
from peri-urban cropland to housing in terms 
of contribution to global warming exists.
Building upon selected scenarios, prospective GHG emissions 
associated with the decision to urbanise were evaluated for 
dLUC and iLUC. GHG impacts of dLUC and iLUC were each 
determined to be approximately eight per cent of total GHG 
emissions due to housing development in greenfield peri-urban 
locations displacing cropland. This magnitude of dLUC and 
iLUC emissions suggests that both have importance in future 
land use decision-making with respect to peri-urban 
environments (Paper 3).
Present decisions about urban development in 
peri-urban areas may impact vulnerability of 
large cities to future climate change. Evaluate 
the potential future GHG emissions 
implications of feeding and housing a 
growing urban population in Sydney, 
Australia.
Building upon a baseline scenario, four future scenarios, at 2050 
and 2100 time horizons, were developed based on differences in 
population, technology, energy, housing form, transportation, 
temperature, food production and land use change. Differences in 
GHG emissions between scenarios at the 2100 time horizon, per 
area of peri-urban land transformed, approximated 0.7 Mt CO2-e 
per year. Per additional resident this equated to 0.7 to 6.1 t CO2-e 
per year. Results were dominated by fossil electricity and fuels 
used in household operation and transportation. Under a 
business-as-usual, high-emissions scenario, the increased need 
for household cooling energy in a mixed climate zone drove 
considerable increases in emissions. Indirect land use change has 
the potential to be significant. Interventions such as carbon 
capture and storage technology, use of renewables and urban 
form markedly reduced emissions (Paper 4).
 
Figure 1-7. Significant achieved research aims and outcomes. 
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Significantly, this research contributes different methodological and analytical 
approaches to the emerging field of integrated sustainability assessment. Particular 
focus is placed on peri-urban food landscapes and their role in the development of 
climate resilient urban centres. The research engages in formulating meaningful 
evidence bases that can be used during urban ecosystem planning, giving 
consideration to alternative future scenarios and the need to avoid problem-shifting, 
for comprehensive responses to climate uncertainty. 
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Chapter 2: Land Use Change as Imperative for Action 
Land use change due to urbanisation at the peri-urban interface may result in the loss 
of traditional forms of local fresh food production. Loss of peri-urban fresh food 
production may impact a city’s resilience to unexpected crises, such as when supply 
chain disruptions or natural disasters prevent fresh food being delivered from one or 
more distant locations. The sustainability of the city’s food system is conceivably 
altered, as is ostensibly the nation’s food system given that consumption of peri-
urban horticultural land for housing is an Australian norm (McFarland, 2016). Peri-
urban fresh food production provides benefits beyond complementing rural 
agriculture; for example, proximity to markets, employment, green space, 
groundwater replenishment, and recycling of nutrients through use of city waste. It is 
important to assess alternative urban designs that both house and feed growing 
populations while delivering lower environmental impacts and increased resilience 
in the face of climate change. A motivation for this research was therefore the need 
to evaluate Australian agri-food systems through the lens of peri-urban land use 
change. 
Debate over peri-urban land use change in the Sydney basin has traditionally been 
polarised between stakeholders who support multiple land use functions, including 
horticulture in the peri-urban fringe, and those that disregard the importance of peri-
urban horticulture. Arguments favouring multiple land uses cite the importance of 
peri-urban regions in the transition towards sustainability (Bunker & Holloway, 
2002). Advocacy specifically in favour of agricultural use of peri-urban land cite 
reasons including environmental and social benefits (Pearson, Pearson, & Pearson, 
2010), food system resilience and ecosystem services (Merson et al., 2009; Merson, 
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Attwater, Ampt, Wildman, & Chapple, 2010; Wynne, Cordell, Chong, & Jacobs, 
2016), food security, contribution to employment, and value of economic production 
for the state of New South Wales (Elton Consulting, 2009; Parker, 2007). From an 
economic perspective, the Sydney statistical division produces almost half by dollar 
value of New South Wales vegetable production for human consumption (ABS, 
2010), among other agricultural products (Figure 2-1). Vegetables primarily grown 
outdoors using field-based methods and with high dollar values include lettuce, 
tomato, cabbage and silverbeet/spinach (Figure 2-2). The vegetable selected in this 
thesis to illustrate the principle of integrating environmental assessment when 
extracting peri-urban horticultural land for housing was lettuce. Lettuce has a 
relatively high dollar value contribution to the value of fresh food production in the 
Sydney statistical division, representing 56 percent of New South Wales dollar value 
of production (Figure 2-3), has high importance in the Australian diet (Hall et al., 
2014) and its selection is further elaborated in Section 4.1. 
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Figure 2-1. Dollar value of agricultural commodities produced in the Sydney 
statistical division as a percentage of New South Wales production. 
Adapted from “Value of agricultural commodities produced, Australia, 2008–09, 
Table 1 VACP – all commodities – national, Australia, data cube: excel spreadsheet 
all commodities, by Australia, state and statistical division (cat. no. 7503.0),” by 
ABS, 2010 (http://www.abs.gov.au/ausstats/abs@.nsf/detailspage/7503.02008-09). 
In the public domain. 
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Figure 2-2. Dollar value of vegetables produced in the Sydney statistical division. 
Adapted from “Value of agricultural commodities produced, Australia, 2008–09, Table 1 VACP – all commodities – national, Australia, data 
cube: excel spreadsheet all commodities, by Australia, state and statistical division (cat. no. 7503.0),” by ABS, 2010 
(http://www.abs.gov.au/ausstats/abs@.nsf/detailspage/7503.02008-09). In the public domain.  
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Figure 2-3. Percentage of New South Wales production grown in the Sydney statistical division. 
Adapted from “Value of agricultural commodities produced, Australia, 2008–09, Table 1 VACP – all commodities – national, Australia, data 
cube: excel spreadsheet all commodities, by Australia, state and statistical division (cat. no. 7503.0),” by ABS, 2010 
(http://www.abs.gov.au/ausstats/abs@.nsf/detailspage/7503.02008-09). In the public domain. 
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Note that although mushrooms have the highest dollar value (approximately 
A$56 million) for the Sydney region, they are not represented in Figures 2-2 or 2-3 
as mushroom growing technology is not typical of the dominant outdoor field-based 
peri-urban vegetable production method used in the Sydney region in areas likely to 
be consumed by housing. Mushrooms are grown indoors with little consumption of 
peri-urban land area required for intensive production. 
Local advocacy for peri-urban horticultural land use is reflected at national (Choy, 
Sutherland, Gleeson, Sipe, & Dodson, 2008) and international scales (Condon, 
Mullinix, Fallick, & Harcourt, 2010; Lee, Ahern, & Yeh, 2015; van Veenhuizen & 
Danso, 2007). Recent European research highlights the potential of peri-urban 
regions for enhancing resilience and supporting multifunctional activities (Olsson et 
al., 2016). 
Counter arguments to the need to retain peri-urban horticultural land include 
presumed availability of alternative lands elsewhere (James, 2010) or claims that 
Sydney’s horticultural production is of little importance, comprising only six percent 
of the value of total Australian horticultural production (ABS, 2010). Counter 
arguments based on economic value of production remain controversial and 
dependent upon whether economic data are referenced at the New South Wales state 
or Australian national level. Adding further complexity are the reported limitations 
of accurate longitudinal data on the significance and size of horticultural production 
in the peri-urban regions of Sydney and Australia (James & O’Neill, 2016; Jewell, 
2008). 
Regardless of advocacy or counter arguments, horticultural farms in the Sydney 
region are predicted to halve under contemporary planning policies (Arup, 2010). 
CHAPTER 2  LAND USE CHANGE AND ACTION 
21 
Preservation of peri-urban agricultural land is not a necessary requirement in the 
current metropolitan plan to 2036 (NSW Planning and Environment, 2014), yet 
recent research invites the need for more informed, geographically specific, 
evidence-based analysis of land use planning (James & O’Neill, 2016). An 
integrative method that quantifies and compares the environmental impacts of 
different peri-urban land uses may add to available understanding on how to improve 
sustainability outcomes for city regions. 
 Contemporary land use planning 
Poor integration between policy direction on emissions and metropolitan planning in 
the Sydney region has been highlighted (Arup, 2010), suggesting that engagement 
with the pillar of environmental sustainability during land use planning is debatable. 
The NSW Department of Planning and Environment, which is responsible for land 
use determinations in the Sydney area, has no definition of sustainability within the 
Environmental Planning and Assessment Act 1979 No. 203 (NSW) and the Standard 
Instrument – Principal Local Environmental Plan (2016) (NSW). Environmental 
impact statements are required where an activity is likely to significantly affect 
threatened or vulnerable species, communities or their habitats, protected species or 
critical habitat. No requirement currently exists to prospectively assess proposed 
peri-urban land use change for environmental impacts; for example, how 
development may change GHG emissions and in which geographical location the 
burden of these emissions occur. GHG emissions for the fresh food needed to 
provision the growing population being housed will occur in other geographical 
locations when fresh food production is displaced through peri-urban land use 
change for housing. The continued need to feed the growing urban population may 
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lead to increased GHG emissions through intensification or expansion (such as 
deforestation) of agricultural activity elsewhere. Attribution of GHG emissions 
outcomes to the change-causing sector is appropriate for comprehensive land use 
planning in peri-urban areas where fresh food production is displaced (and possible 
using a method as shown in Paper 3). 
The domain of peri-urban agriculture is under-researched, with a lack of 
quantification of positive or negative environmental effects (van Veenhuizen & 
Danso, 2007). Data-driven substantiation of the environmental impacts of housing 
replacing peri-urban fresh food production in a developed and growing city is 
required. Sustainable urban development should require that housing and feeding 
urban populations at lower relative environmental impacts be a priority, particularly 
due to the locked-in nature of urban infrastructure (Seto et al., 2014). Decisions 
made today lock in urban form, including urban sprawl and the consequent energy 
use, for decades to come. This research will help to inform land use planning by 
providing a data-driven approach to the environmental consequences of peri-urban 
land use change. Importantly, if models of land use are established before the land 
use change, the approach presented in this thesis can be used in a prospective 
manner. 
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Chapter 3: Research Design and Methods 
This chapter describes and justifies the overall research methodology starting with 
the theoretical approach, followed by the methods employed. Chapter 1 explained 
that exploratory scenario development was used in this research as a way of 
informing future urban growth patterns with sustainable multifunctional landscapes 
and transitions (Wiek, Binder, & Scholz, 2006; Beardsley, Thorne, Roth, Gao, & 
McCoy, 2009; O’Farrell & Anderson, 2010). The use of exploratory scenarios to 
compare the environmental impacts of alternative peri-urban designs is expanded on 
in Section 3.2 of this chapter.  
Chapter 2 articulated the need for an integrative method that quantifies and compares 
the environmental impacts of different peri-urban land uses in order to add to 
available understanding on how to improve sustainability outcomes for city regions. 
This chapter (Chapter 3) describes how computer-based modelling using life cycle 
assessment software was used within the exploratory scenarios to integrate 
environmental data from the traditionally disparate fields of housing and 
horticulture. Including both housing and the consequent changes in food production 
is a novel application of life cycle assessment. Additionally, the capacity of life cycle 
assessment to examine environmental impacts other than emissions was exploited; 
hence, the scenarios of alternative land use also considered potential environmental 
impact trade-offs. Data collection and handling techniques used to perform the life 
cycle assessments are presented in the Chapter 4. 
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3.1 The theoretical approach of post-normal science 
The theoretical approach, or philosophical stance, that informs the research 
conducted in these four papers is post-normal science. The decision to urbanise peri-
urban land and displace food production is characterised by uncertain environmental 
stakes and a plurality of legitimate perspectives. Perspectives range between the need 
to provide affordable housing, centres of industry and employment, infrastructure or 
recreation, for example. Each perspective has value, the degree of which remains 
unknown as there is no verifiably right answer to how peri-urban land should be 
used. Securing a scientific approach where values are imprecisely known required a 
post-normal approach (Kastenhofer, 2011; Funtowicz & Ravetz, 1993; Ravetz, 
1999). Post-normal science does not ignore hard fact where available, but aims to 
offer alternative systems of analysis to inform complex problems where hard fact is 
not available (Ravetz, 2006; Sala, Farioli, & Zamagni, 2013). Available quantitative 
information may be contextualised with qualitative information using a post-normal 
approach, producing evidence to inform decisions on peri-urban land use. 
Post-normal science had origins in addressing wicked problems2 such as the Seveso 
disaster, prion diseases and debates surrounding genetic modification. Each of these 
three issues presented problems for governance due to scientific uncertainty over the 
nature of the hazards and deficient communication between stakeholders, combined 
with complex social demands surrounding each. In 1976, the Seveso disaster saw a 
toxic cloud of dioxin released from an Italian factory, contaminating local 
populations and creating high situational uncertainty due to limited scientific 
                                                 
2 Wicked problems are issues that are highly resistant to resolution, often due to complexity and 
disagreement (Australia Public Service Commission, 2012). 
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knowledge on potential human health effects. Populations were evacuated, tens of 
thousands of animals slaughtered, and long-term health monitoring for exposed 
populations established in an attempt to mitigate risk and uncertainty. Bovine 
spongiform encephalopathy (BSE), a prion disease, was first identified in the year 
1986 in England, but due largely to closed systems of governance, it took over one 
decade to implement the regulatory processes needed to prevent the spread of 
disease. During this period the concerns of scientists were raised; however, potential 
human health effects remained uncertain, leading to little governmental urgency to 
tighten beef carcass processing regulations. In 1995, human victims of the essentially 
human-made Creutzfeldt–Jakob variant of BSE disease were identified and the 
British government was left to repair substantial damage to the beef industry and 
public trust. Genetic modification represents a third governance challenge where 
scientific investigation may have detected a plausible risk; however, no 
demonstrable injury to human health has yet occurred through genetic modification 
of crops. Risks associated with genetic crop modification are post-normal, requiring 
transparency and best available evidence to manage and govern. Risks may be 
hypothetical and highly uncertain, therefore requiring policies based on the 
precautionary principle where burden of proof has demonstrated absence of harm. 
The precautionary principle in environmental science is a legitimate approach to 
studying poorly understood and complex systems, requiring the exploration of a 
range of alternatives to potentially damaging actions and taking preventive action to 
stimulate change where risks are uncertain (Kriebel et al., 2001). The emergent 
socio-political demands of these three examples required better management and 
articulation of risk to more diverse audiences, leading to new legislations with more 
open scientific advisory systems. Traditional factual scientific evidence may be 
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lacking, meaning that new types of methodologies, evidence and participants are 
required to manage risks and uncertainties (De Marchi & Ravetz, 1999). 
Designing for urban sustainability exemplifies post-normal times (Healy, 2011) and 
post-normal science concepts have been applied to urban sustainability and 
competing claims on resources (Giller et al., 2008; Petersen, Cath, Hage, Kunseler, 
& Van Der Sluijs, 2011). Engaging in post-normal science allows science to enter 
the debate surrounding contemporary issues characterised by uncertainties and 
value-ladenness, such as constructing environmental and sustainability outlooks, or 
assessing long-term sustainable urban development options. Complex and 
unpredictable real-world challenges that involve human reflexivity require an 
approach that allows for emergence and a broader societal problem-solving strategy 
(Petersen et al., 2011). Problem-solving strategies include analytical tools that can 
produce evidence-based responses in support of sustainability, such as scenario 
development (Mulvihill & Kramkowski, 2010). Analytical tools such as scenario 
construction are needed to evaluate desirable and undesirable development pathways 
associated with urban growth patterns (Beardsley et al., 2009; Birkmann et al., 
2015). Environmental scenarios embody a post-normal approach, contextualising 
available quantitative information with qualitative information to produce evidence 
that aims to address sustainability challenges. 
3.2 Exploratory scenarios 
Scenarios are descriptions of situations that compare a range of possibilities, based 
on certain variables and assumptions. Hypothetical situations are characterised 
within models that range from simplistic to complex, are founded in different 
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epistemologies, use methods from quantitative to qualitative and input from experts 
to non-experts. Scenarios have particular importance in exploring and analysing 
different future directions that may evolve due to current decision making, 
highlighting desirable and undesirable development pathways (Birkmann et al., 
2015). 
Two general types of scenario typologies exist: projective and prospective (da Silva 
Souza & Takahashi, 2013). Projective scenarios include those that use past trends to 
predict the future: uncertainty is likely to be lower, with the upper and lower 
extensions of the trend represented. Prospective scenarios explore the future, may 
not be predictable, and create potential images of the future that can be compared 
and contrasted. Prospective scenarios may include either exploratory (possible) or 
normative (desirable) futures. Explorative scenarios are well suited for informing 
sustainability as they examine a range of distinct possibilities and are neither too 
predictive nor too normative, which would imply forecasting or backcasting, 
respectively (Mulvihill & Kramkowski, 2010). 
Exploratory scenarios were used to inform the research question in this study, 
comparing the environmental impacts of alternative peri-urban designs. The scenario 
approach involved development of a qualitative narrative, describing the main 
characteristics for each scenario. Papers 1, 2 and 3 were concerned with 
contemporary peri-urban land use and scenarios. Described in Paper 2, each scenario 
was able to house an equivalent residential population while delivering equal 
quantities of fresh food to Sydney’s central fruit and vegetable market. Housing 
types included new houses in greenfield peri-urban locations and infill medium-
density apartments on existing urban land. Fresh food production included field and 
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high technology greenhouse produced lettuce. Compensation for displaced peri-
urban horticultural production from more remote locations was included. The 
possibility of afforestation on peri-urban land spared through use of high technology 
farming systems was considered. 
Paper 4 developed future scenarios of peri-urban land use change at 2050 and 2100 
time horizons. Qualitative narratives for the future time horizons were thematically 
downscaled from the four representative concentration pathways (van Vuuren et al., 
2011). The four representative concentration pathways are four projections of 
radiative forcing (the main agents that force climate change) described in literature 
published by various climate modelling organisations, within which land use 
trajectories and emissions and concentrations of air pollutants and GHGs are 
described (van Vuuren et al., 2011). Adoption of the four representative 
concentration pathways was formalised by the Intergovernmental Panel on Climate 
Change in its Fifth Assessment Report (IPCC, 2013) for use in climate change 
modelling and research. Thematically downscaling the four representative 
concentration pathways into qualitative narratives for Sydney involved describing 
differences in population, technology, energy, housing form, transportation, 
temperature, food production and land use change. Using the four representative 
concentration pathways allowed the development of highly contrasted scenarios, 
which are valuable to improving understanding of climate change (Lloyd & 
Schweizer, 2014). 
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3.3 Computer-based modelling using life cycle assessment 
Following development of narrative descriptions, translation into parameters and 
variables occurred so that quantitative modelling and numerical assessment of 
environmental impacts could occur (see also Chapter 4, Data Handling). The 
analytical tool selected for the computer-based modelling of environmental impacts 
was life cycle assessment, a globally recognised analytical tool for characterising 
environmental impacts (International Organization for Standardization [ISO], 2006a, 
2006b). This section describes life cycle assessment, its suitability for environmental 
modelling and the principal steps involved, in particular expanding on how data were 
managed for the studies reported within the papers. 
For the agri-food sector, life cycle assessment has been described as “the appropriate 
method to identify, with high degree of detail, environmental hotspots, compare 
techniques and crops and inform with scientific data the decision makers both at firm 
and political level” (Masoni, 2015, p. v). Life cycle assessment is concerned with the 
life cycle of a product or service, linking environmental performance to functionality 
by quantifying raw materials used and pollutant emissions based on the product or 
system’s function (Jolliet, Soucy, Shaked, Saadé-Sbeih, & Crettaz, 2015). 
Environmental life cycle assessment can be used in a systems-based, comprehensive 
and interdisciplinary manner. Interdisciplinary approaches have been cited as 
essential to meet sustainability challenges (Huang, Yeh, & Chang, 2010; Scholz, 
Hedmark, & Hartley, 2012; Thabrew, Wiek, & Ries, 2009), and life cycle thinking 
provides a basis for suitable methodologies (Sala et al., 2013). 
Life cycle assessment had its origins during the late 1960s as a tool for energy and 
waste analysis in manufacturing industries, an early example being The Coca-Cola 
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Company’s investigation into alternative packaging options conducted in 1969. 
During the period 1970 to 1990, an early form of life cycle assessment, termed 
resource and environmental profile analysis (REPA), was used for analysis of the 
production chains of various products in the United States of America (USA) with 
similar developments in Europe. The value of life cycle assessment was recognised 
by private business and trade associations; however, it found little public interest and 
possessed diverging theoretical approaches, methods and results. Convergence and 
standardisation of life cycle assessment methodology occurred once the Society of 
Environmental Toxicology and Chemistry and the ISO became involved during the 
1990s. Gaining in importance within the wider community were issues regarding not 
only waste and energy, but also resource use and environmental emissions. Impact 
assessment methods developed during the 1990s have provided a platform for the 
methods presently in use. The decade from the year 2000 saw widespread support of 
life cycle assessment in organisations including the United Nations Environment 
Programme (UNEP), the United States Environmental Protection Agency and the 
European Commission (Guinée et al., 2011; Hunt & Franklin, 1996). Developments 
of life cycle assessment that are likely to become more widely published in the future 
include merging of environmental with social life cycle assessments and life cycle 
costings. Currently, life cycle assessment has established general consensus on 
impact assessment methods and databases used for processes and materials. The ISO 
standards (ISO 2006a, 2006b) are not prescriptive in requiring one particular 
method, meaning that a life cycle assessment study must specify certain internal 
phases such as goal, scope, system boundaries, functional units, life cycle inventory 
and impact calculation methods (these phases are explained further in Section 3.3.1). 
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Life cycle assessment attempts to quantify a comprehensive range of environmental 
impacts associated with a product/system by considering all inputs of resources and 
materials (from nature and anthropogenic origin) and all outputs, or emissions, of 
waste and pollution at each stage of the product/system’s life. Inputs of resources 
may include material extraction, manufacturing and distributing materials and 
product, maintenance of the product, and ultimate disposal. Outputs may include 
usable products, solid waste, air and waterborne emissions, and other environmental 
releases (Lawrence Berkeley National Laboratory, 2008). A simplified example of 
the types of inputs and outputs related to the system/product under study is 
illustrated in Figure 3-1. The respective amounts of each of those inputs and outputs 
are determined by the quantities and types of processes that the system/product is 
composed of, processes for which the practitioner performing the life cycle 
assessment has sourced data. 
 
Figure 3-1. Representation of inputs and outputs of a typical life cycle assessment. 
Adapted from “News center – Life-cycle analysis,” by Lawrence Berkeley National 
Laboratory, 2008 (http://newscenter.lbl.gov/2008/04/18/Life-Cycle-Analysis/). In the 
public domain. 
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Transforming the process inputs and outputs into environmental impacts relies on 
relationships and environmental mechanisms as established through other means 
already in history. Grouping and classifying inputs and outputs is therefore a matter 
of allocating them to their known environmental impact; for example, it is known 
that nitrous oxide contributes to global warming – it is not the purpose of the life 
cycle assessment to prove this cause-and-effect relationship. The purpose of the life 
cycle assessment is to identify how much nitrous oxide is in the system, and 
correlate that amount to its global warming potential. Once the amount in the system 
is known, it can be compared to other systems, thus the relative importance attached 
to the various environmental impacts is determined. The next sections in this chapter 
expand on this basis for classifying inputs and outputs according to their 
environmental mechanism and how the environmental impact calculations operate in 
the software tool, SimaPro®. 
Importantly, a life cycle assessment approach helps avoid problem shifting (Guinée, 
2002), through its capacity to include multiple product/process stages and to report 
on trade-offs between multiple environmental indicators, such as: 
• GHG emissions, or climate change; 
• eutrophication; 
• acidification; 
• ozone depletion; 
• photochemical oxidant formation; 
• human toxicity; 
• particulate matter formation; 
• ecotoxicity; 
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• ionising radiation; 
• land use; 
• fossil depletion; 
• water depletion; and 
• metal depletion. 
Including multiple process stages is vital to avoid shifting environmental impacts to 
another stage in a life cycle; for example, a consumable item with a low energy 
production phase may appear to have better environmental performance than a 
similar good with a high energy production phase, but if the use phase of the first 
product is comparably energy intensive, a less environmentally friendly product 
could result. Reporting possible trade-offs between a selection of environmental 
indicators is recommended as smaller environmental impacts in one impact category 
may correspond to high and undesirable impacts in another impact category. 
The environmental indicators of water and land use have been limited in their use for 
agricultural production as each are typically oversimplified additions of quantities 
used directly by the product system, meaning their use as standardised environmental 
impact indicators are somewhat limited (Notarnicola, Tassielli, Renzulli, & Giudice, 
2015). Land use data may not assess total upstream or downstream land use and land 
use change impacts; similarly, water data may not include all upstream flows or 
indicate relative scarcity of fresh water. More recent developments of life cycle 
assessment have generated methods for quantifying water scarcity, or the extent to 
which users are deprived of fresh water in a geographical region due to water 
withdrawals by others (Pfister, Koehler, & Hellweg, 2009), and indirect land use 
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change (Schmidt, Weidema, & Brandão, 2015). For these reasons water scarcity and 
indirect land use change were evaluated in Papers 2 and 3. 
Notably, for this research, modelling using life cycle assessment enabled overall 
trends in environmental impacts (and their hotspots) between scenarios to be 
quantified and examined. Trends do not require cause-and-effect relationships to be 
identified as part of the analysis, but provide valuable information on reasons for 
differences between scenarios, potential choices and consequences. 
3.3.1 Conducting life cycle assessment 
Conducting life cycle assessment involves four key phases: (a) establishing the goal 
and scope of the study; (b) preparing the model of the system under study, including 
determining inputs and outputs, and collecting data on those inputs and outputs, 
termed life cycle inventory; (c) choosing the impact assessment method and 
calculating the environmental impacts; and (d) providing interpretation of the 
impacts and associated hotspots (Goedkoop, Oele, Leijting, Ponsioen, & Meijer, 
2013; ISO, 2006a). This section describes the key phases, making reference to the 
four research papers for context or examples but not necessarily repeating 
information already stated in the papers. 
(a) Goal and scope 
The overall goal of the four combined papers was to inform the research question 
“how do environmental impacts at the peri-urban interface compare under 
different housing and food production land use scenarios?” The scaffolding 
approach to the research question (Figure 1-1) required that the goal within each of 
the four papers reflected the corresponding research aim for each paper (from Figure 
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1-7). Table 3-1 summarises the goals for each of the four research papers in relation 
to the research aim. Assembled together, the goals of Papers 1 to 3 were to inform 
the research question within a present-day context, while Paper 4 focused on how 
environmental impacts may compare in the future. 
Each of the four papers defined their respective scope, including information on the 
system under study with its system boundaries and the functional unit. System 
boundaries delineate which processes are to be included in a life cycle assessment, 
may be depicted graphically as a system boundary diagram and involve some choice 
in their selection. Different studies on a similar topic may differ in their system 
boundary as models produced for life cycle assessment are simplified representations 
of what can be, in reality, extremely complex relationships (Klöpffer, 2014). A study 
on horticultural produce, for example, may include a system boundary that considers 
only on-farm impacts, versus a wider system boundary that includes supply chain 
impacts. Including supply chain impacts was necessary for this research to ensure 
that environmental trends were relevant for fresh food reaching the Sydney market 
rather than a comparison of farm-only impacts. System boundaries were therefore 
carefully selected and defined within each paper to maintain alignment with the 
stated goal of the life cycle assessment. 
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Table 3-1. Research aims and corresponding summary of goals for the life cycle assessments in the four research papers. 
Paper Research aim Summary of goals 
1 Conduct a spatially relevant analysis of the 
environmental impacts of fresh food 
production for a food reaching the local 
Sydney market. How do environmental 
impacts compare between locations and 
growing technologies, considering the 
supply chain to the local Sydney market? 
What: To compare the on-farm and post-harvest supply chain environmental impacts 
for lettuce arriving at Sydney’s central fruit and vegetable market from commercial 
peri-urban farms with: 
– interstate commercial horticulture for farms of varying scale but employing similar 
production methods; and 
– farms using alternative production methods such as outdoor hydroponic and a high 
technology greenhouse. 
Why: To inform the local food debate for a fresh perishable vegetable reaching the 
same city market. 
2 Examine the environmental consequences 
of the decision to urbanise and displace 
peri-urban fresh food production. Consider 
housing systems and whether food is grown 
locally or remotely. 
 
What integrated land use options may exist 
to both feed and house an expanding urban 
population at lower relative environmental 
impact? 
What: To assess environmental impacts when peri-urban horticultural land is 
consumed for housing, using hypothetical scenarios that integrate both housing 
changes and the consequent food production changes. Include disparate housing types, 
differing lettuce production technologies and land use options that provide co-benefits 
such as urban afforestation. Scenarios must provide equal quantities of fresh food and 
house-equal residential populations. 
Why: To explore environmental impact trends between land use options and identify 
options with lower relative impacts. 
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3 Analyse the contribution that direct (dLUC) 
and indirect land use change (iLUC) make 
to greenhouse gas (GHG) emissions for the 
transition from peri-urban cropland to 
housing. 
 
The decision to urbanise and displace peri-
urban fresh food production contributes to 
both direct and indirect land use change. 
Little spatially relevant research into the 
transition from peri-urban cropland to 
housing in terms of contribution to global 
warming exists. 
What: To assess the GHG emissions impacts of direct and indirect land use change due 
to housing in greenfield areas displacing peri-urban horticultural fresh food (lettuce) 
production. 
Why: To produce spatially relevant evidence on the contribution made by direct land 
use change and estimations from models of indirect land use change.  
4 Present decisions about urban development 
in peri-urban areas may impact vulnerability 
of large cities to future climate change. 
Evaluate the potential future GHG 
emissions implications of feeding and 
housing a growing urban population in 
Sydney, Australia. 
What: To investigate the trends in GHG emissions between four future urban 
development scenarios. In all scenarios, the growth in urban population at the relevant 
time horizon required housing, and the quantity of fresh food displaced, due to 
absorption of peri-urban food-producing land by housing, required replacement. Each 
scenario has differing amounts of new housing stock in two disparate locations, on 
either existing urban or existing horticultural land, to accommodate a growing 
population. Therefore, differing degrees of peri-urban horticultural land use change to 
housing occur between scenarios. 
Why: Little current information examines GHG implications of future urban 
development combined with impacts on peri-urban food production for Sydney, 
Australia. 
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The functional unit is a predefined quantity of the performance characteristic being 
analysed, providing a mathematical basis for comparing alternatives per unit of 
delivered product or service (ISO, 2006b). Each of the four papers defined the 
functional unit used; for example, Papers 2 and 3 used one hectare of peri-urban 
land. Inputs and outputs (life cycle inventory) are then quantified against the 
functional unit to ensure that comparisons between products/services are 
mathematically equivalent. 
(b) Life cycle inventory 
The collected data used for process inputs and outputs (the life cycle inventory) were 
identified within each paper. Figure 3-2 shows how the life cycle inventory was 
incrementally expanded between Papers 1 to 4. Types of inventory included 
quantities of resources, materials, fuels and energy used, and emissions and waste. 
Data used for life cycle inventory are typically classed as foreground or background 
data. Foreground data include specific data acquired to model the system and may be 
more temporally or regionally relevant than generic background data available from 
either literature or life cycle assessment databases. Section 3.3.2 and Chapter 4 
expand on the life cycle inventory, providing detail on foreground data collected 
through questionnaires and interviews, versus background data sourced from 
literature and from the default databases within the software tool, SimaPro®. 
The ISO 14040 and 14044 life cycle assessment standards (ISO, 2006a, 2006b) 
allow a range of data sources and assumptions to be used in the life cycle inventory; 
therefore, assumptions made during quantification of the inventory were stated 
within each paper. Clearly stated assumptions support transparency in data handling 
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and aid the reader to comprehend complexities inherent in the life cycle assessment 
study (Guinée, 2002).  
A significant amount of data are collated for life cycle inventory as materials and 
energy used in each process require quantification, as do the emissions related to 
each process. Life cycle assessment studies may therefore apply a cut-off threshold, 
below which contributions and process inputs may be ignored (ISO, 2006b). 
Applying a threshold may assist in reducing the extent of data in a data intensive 
collection process; however, for this research no threshold was applied in the 
assessments described in Papers 1 to 3, meaning that all process inputs found 
relevant to the models were included in the life cycle inventory. Paper 4 applied a 
threshold of one percent contribution to carbon dioxide equivalent (CO2-e) emissions 
to determine which process records required modification for upstream energy mix 
to maintain temporal relevance for time horizons 2050 and 2100 (explained further 
in Chapter 4). Applying a threshold based on the environmental impact from an 
inflow below a certain percentage is one method recommended in ISO 14044 (ISO 
2006b) and a value of one percent has been suggested in literature (Simonen, 2014). 
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Horticultural life cycle inventory (paper 1)
Housing life cycle inventory (added for paper 2)
LCI:
Seeds
Transplants
Fertilisers
Organic 
amendments
Pesticides
Herbicides
Fungicides
Wetting agents
Irrigation water 
Fuel
Electricity
Capital equipment
LCI:
Packaging
Washing
Capital equipment
Electricity
Transport
Refrigeration
Lettuce at farm Lettuce at city central market
FOOD
61 t ha-1 yr-1
LCI:
Insulations
Ceramics
Brick
Concrete
Glass
Gravel
Wood
Plastics
Paints
Plasterboard
Steel
Copper
LCI:
Water
Electricity
Household travel 
(car, train, bus)
House
operation and 
transportation
House 
construction
HOUSING
42 persons
dLUC
life cycle inventory
(added for paper 3)
Change in soil organic carbon 
Services infrastructure (water, 
sewer, gas, electricity, 
telecommunications)
Earthworks
Civilworks
iLUC
life cycle inventory 
(added for paper 3)
Upstream land use change:
- intensification
- expansion
Temporal 
extrapolation 
(paper 4)
Abbreviations:
dLUC – direct land use 
change
iLUC – indirect land use 
change
LCI – life cycle inventory  
Figure 3-2. The expansion of life cycle inventory (LCI) during the research. Horticultural life cycle inventory from Paper 1 was complemented 
by housing life cycle inventory in Paper 2, direct land use change and indirect land use change life cycle inventory in Paper 3 and extrapolated 
for time horizons 2050 and 2100 in Paper 4. 
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(c) Impact assessment 
Life cycle inventory is then assigned to an impact category based on the 
environmental mechanism for that impact category. The ISO standards for life cycle 
assessment require impact categories to be founded on well understood and 
documented science-based environmental mechanisms that link the inventory result 
(an emission) to what is called an “endpoint” or area of protection (ISO, 2006a; 
2006b). Assigning inventory to an impact category was performed by default 
methods available within the life cycle assessment software tool (see also 
Section 3.3.2), selected by the software developers as being the most authoritative 
methods available (Goedkoop, Oele, Leijting, Ponsioen, & Meijer, 2013). 
For the four papers produced in this research project, the impact assessment method 
used was stated within each paper and all results were characterised at midpoint 
level, meaning that the environmental impact was reported part way along its 
environmental mechanism. An environmental mechanism results in damage where 
the type of damage is the endpoint, such as disability-adjusted life years (DALYs) 
for human health or damage to resource availability. Multiple midpoint indicators 
may feed into an endpoint indicator, as shown in Figure 3-3; for example, damage to 
human health, the endpoint, has contributions from the midpoint indicators of 
climate change, ozone depletion, particulate matter, photochemical oxidant 
formation, human toxicity and ionising radiation. Transforming midpoint indicators 
to endpoint indicators requires certain assumptions around how they are connected, 
aggregated and weighted, leading to higher uncertainty in the result and less 
transparency around the relative importance of an emission or an extraction. A 
midpoint indicator looks at the impact earlier in the environmental mechanism, 
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providing relatively low uncertainty and improved detail on each environmental 
stressor (Goedkoop et al., 2009) and for these reasons characterisation at midpoint 
level was selected. 
Impact categories chosen need to be consistent with the goal and scope (ISO, 
2006b), reflecting the environmental issues of concern for the system under study; 
however, no requirement exists that specific environmental impacts be selected, nor 
that all possible environmental impacts be reported. Common categories in the life 
cycle assessment literature of agricultural products include climate change/ global 
warming, eutrophication, land use, water, resources, energy use and ozone depletion 
(Harris & Narayanaswamy, 2009). Impacts selected to represent the horticultural 
system in Paper 1 therefore included several of the aforementioned common 
categories for agricultural products (climate change/ global warming potential, 
eutrophication, land and water use). Paper 2 added the urban system to the 
horticultural system, and the impacts reported were revised to add three indicators 
with relevance to urban regions, including photochemical oxidant formation, 
particulate matter and human toxicity. Water scarcity was added while water use and 
land use were removed for the reasons stated in Section 3.3, these being that (a) total 
upstream or downstream land use and land use change impacts may not be included 
in the background data for land use, and (b) water data may not include all upstream 
flows or indicate relative scarcity of fresh water. Extensive data would be required to 
add these upstream and downstream flows and impacts, which would be beyond the 
scope of this research. Each of the four papers presented multiple impact categories 
to identify if reductions in one impact resulted in large increases in another impact 
category, thereby utilising the capacity of life cycle assessment to examine potential 
trade-offs between environmental impacts. 
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Figure 3-3. Examples of midpoints and endpoints on environmental mechanisms in 
the ReCiPe method. 
From “ReCiPe 2008: A life cycle impact assessment method which comprises 
harmonised category indicators at the midpoint and the endpoint level; First edition 
report 1: Characterisation” (p. 3), by M. Goedkoop, R. Heijings, M. Huibregts, A. De 
Schryver, J. Struijs, and R. Van Zelm, R, 2009 (http://www.lcia-recipe.net). In the 
public domain. 
(Note: Use of subscripts e.g. SO2, NOx, is an archetype of referenced material.) 
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(d) Interpretation 
The final stage in performing life cycle assessment is to provide interpretation of the 
impacts and associated hotspots within the context of the goal and scope of the 
study. Interpretation of trends and hotspots provides valuable information on reasons 
for differences between scenarios and potential choice consequences (remembering 
that cause-and-effect relationships do not need to be identified as part of the 
analysis). Each paper provided interpretation of the significant trends and hotspots 
between the scenarios represented, conclusions, recommendations, and limitations of 
both data and results. 
Explained in the next sections on life cycle assessment are the functionality of the 
software used (Section 3.3.2) and data collection and handling (Chapter 4). 
Performing life cycle assessment requires the collation of a significant amount of 
data on processes that describe the systems being analysed. Articulating how data 
were obtained and handled is necessary to provide assurance of data quality. 
3.3.2 Life cycle assessment software 
Life cycle assessment is a data intensive process and software tools are available that 
support the user to edit, process and manage data. Software used for research 
purposes should permit a modelling process that has flexibility to model complex 
process trains, has access to current databases containing good-quality data, allows 
creation of new data sets and permits the researcher to make improvements to 
existing data. Multiple environmental impact calculation methods should be 
contained within the software, including internationally recognised methods (Unger, 
Beigl, & Wassermann, 2004). The two leading commercial software tools available 
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that satisfy these requirements for the modelling process are Gabi® and SimaPro®. 
To ensure internal consistency, only one software was used throughout this project – 
SimaPro® version 8 (PRé Consultants, 2016) – chosen principally because 
Australian technical support was available for the software, it is used internationally 
and it was in current use at Western Sydney University. 
3.3.2.1 Process records in SimaPro® 
Modelling within SimaPro® consists of connecting successive process records in a 
process chain in order to define the environmental inputs and outputs (Figure 3-4) 
within the system boundary of the study. Processes are linked so that an output from 
one process may be an input into a successive process and so on to create the process 
chain that represents the modelled system. When a process is linked, all related 
upstream processes (such as raw material extraction, manufacture and maintenance) 
for that linked unit process are pulled into the modelling, thereby capturing the 
upstream impacts that may contribute to overall impacts of the modelled system. The 
data within the processes (the inputs and outputs) can be selected from the default 
databases within SimaPro® (background data), data that the researcher has derived 
from literature (background data), or alternatively, new processes can be created that 
use specific data acquired by the researcher for modelling the system (foreground 
data). Background data within the databases provided with SimaPro® reflect the 
three requirements stated for good-quality life cycle assessment data (Unger et al., 
2004), typically noting the original source, age, and composition from which the data 
were generated. The researcher can use their own foreground or background data to 
improve spatial and temporal relevance for the modelling, thereby improving 
accuracy (Hellweg & Milà i Canals, 2014).  
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Data libraries of 
processes e.g.
Australasian unit processes 
AusLCI unit processes
Ecoinvent unit processes
User creates life 
cycle inventory for 
processes and the 
system being 
modelled. Quantities 
are required.
• Name
• Avoided 
products
• Resources 
extracted from 
nature
• Inputs from 
other processes
• Outputs 
including 
emissions and 
waste 
processing
SimaPro®  life cycle inventory, empty process record
Name of process 
output
Avoided products 
(if any) are 
subtracted from 
total impacts
Resources 
extracted from 
nature e.g. water, 
land occupation
Inputs from other 
processes; these 
link to other 
processes from 
data library and/
or user defined 
processes
Wastes that are 
processed can be 
linked to a waste 
treatment 
process from 
data library
Processes may link to others in the process chain
Outputs, such as 
emissions to air, 
water and soil
 
Figure 3-4. Empty process record from SimaPro® showing types of input and output fields required.
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Life cycle inventory used for this project included a mix of both foreground and 
background data. New process records were created by the researcher where 
foreground data were obtained, including through information supplied from 
farmers, nurseries or land developers. New process records were also created where 
literature provided better quality data than that within the default databases; for 
example, inventory for a typical Australian house in a greenfield location, temporally 
relevant energy mixes in the future scenarios, Australian road construction using 
recycled materials, indirect land use change, and carbon sequestration for 
afforestation using data relevant to the Sydney region. Background data were also 
used from two default databases within the software where foreground data or 
literature sources were not available or necessary. The two databases were the 
Australasian database (Lifecycles, 2016) and the ecoinvent v3.0 database (Weidema 
et al., 2013). The ecoinvent v3.0 database is accepted as a premier source of high-
quality data, with over 10,000 processes and editorial peer review on content 
(Goedkoop et al., 2013). Chapter 4 expands further on data handling. 
3.3.2.2 Inventory modelling in SimaPro® 
The ecoinvent v3.0 database (Weidema et al., 2013) employs four data libraries, 
reflecting two different situations of life cycle inventory modelling (attributional and 
consequential) and two versions of a process (unit or system): 
1. allocation default, unit processes; 
2. allocation default, system processes; 
3. consequential, unit processes; 
4. consequential, system processes. 
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The choice between the two different situations of life cycle inventory modelling, 
attributional or consequential, relates to whether environmental flows are embedded 
in a static (attributional) or dynamic (consequential) technosphere. An attributional 
life cycle inventory model considers flows within a chosen temporal window 
whereas a consequential approach models flows in response to changes in demand 
(Ekvall et al., 2016). Changes in demand and market elasticities were out of scope in 
this research as data collation and processing would have proven prohibitive within 
the time constraints of the doctorate (see Section 4.6 for further explanation). 
Attributional life cycle inventories aim to answer, whether in the past, present or 
future, “how are things (pollutants, resources, and exchanges among processes) 
flowing within the chosen temporal window?” (Curran, Mann, & Norris, 2005, 
p. 856). An attributional analysis is therefore suitable for this research which aims to 
understand “how” environmental impacts compare within a defined time and space, 
and attributional unit processes were selected for the inventory. 
A unit process represents a single operation and is the smallest building block 
available in SimaPro® for which input and output data are quantified (ISO, 2006a). 
Linkages to upstream processes can be seen and their environmental load is 
automatically included when a unit process is selected in a model. Conversely, the 
system process version of the same process is an aggregated inventory of all 
contributing processes, lacking transparency on the contributions of different inputs 
and outputs. Figures 3-5a and 3-5b highlight this difference for one megajoule of 
high-voltage electricity produced in New South Wales, where both describe an 
equivalent quantity of CO2-e emissions, but the contributing inputs are not 
transparent in the case of the system process. System and unit processes do not 
always result in equivalent quantities, contributing to potential distortion effects 
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(International Reference Life Cycle Data System, 2010). The black box nature and 
potentially distorting effects of the system process excludes it from use in this 
research and only attributional unit processes were used. 
 
(a) Unit process 
 
(b) System process 
Figure 3-5. Example of the improved transparency of a unit process (a), versus the 
black box nature of a system process (b).  
Note: the units “CO2 eq” print by default from software and is interchangeable with 
CO2-e.  
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3.3.2.3 Impact calculation in SimaPro® 
Once models were prepared (processes were populated with life cycle inventory and 
linked) environmental impacts were calculated by the default methods provided 
within SimaPro®. Developing customised impact assessment methods is not the 
norm for life cycle assessment practitioners, so the choice of which default method 
to use relates to how the results are to be presented: which audience; whether the 
results are characterised at midpoint versus endpoint level (as explained earlier in 
this chapter); and whether results are further processed, such as normalised, grouped 
or weighted. Once results for all four papers were reported at the midpoint level, no 
further processing of results to normalise, group or weight was performed with the 
exception of one example in Paper 4 where both non-normalised and normalised 
results were presented. Weighting was not performed as it is not permitted to weight 
results for life cycle assessment studies that disclose comparative assertions to the 
public (ISO, 2006a, 2006b). 
A change in impact calculation method occurred between Papers 1 and 2, where the 
method of the Australian Indicator Set used in Paper 1 was changed to the midpoint 
hierarchist method of ReCiPe (Goedkoop et al., 2009) for Papers 2, 3 and 4. The 
reason for this was to change to an internationally recognised method – ReCiPe 2008 
version 1.12 – used more widely and supported by more extensive literature 
(Goedkoop et al., 2009) and therefore more congruous with an international 
audience. Changing the method has not altered the environmental impact trends 
observed as the example of CO2-e emissions per kilogram of lettuce shows (Table 3-
2) and so the findings were not altered due to impact calculation changes between 
Papers 1 and 2.   
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Table 3-2. Comparison of carbon dioxide equivalent emissions calculated for 
lettuce farms using the Australian Indicator Set v3 versus ReCiPe (hierarchist) 
midpoint characterisation methods showing no change to reported trends. 
 kg CO2-e per kg lettuce at market 
Lettuce farm (LF) Australian Indicator Set v3 ReCiPe (hierarchist) 
LF1 0.24 0.24 
LF2 0.31 0.34 
LF3 0.90 0.89 
LF4 0.48 0.49 
LF5 0.51 0.51 
 
ReCiPe 2008 calculates life cycle impact category indicators at both the midpoint 
and endpoint levels (Figure 3-3). Development of ReCiPe 2008 was informed by two 
methods, these being the baseline method proposed in Guinée et al. (2002) for the 
midpoint approach and the Eco-Indicator 99 method (Goedkoop & Spriensma, 2001) 
for the endpoint approach. Eighteen impact categories are addressed at the midpoint 
level, most of which are aggregated into three endpoint categories (Table 3-3). 
ReCiPe 2008 recognises that incomplete knowledge of environmental mechanisms 
and choices made in the calculation process contribute to uncertainty; hence, 
midpoint and endpoint categories are calculated using one of three perspectives used 
to group environmental mechanism specific choices and assumptions. The three 
perspectives are based on cultural theory and include individualist (I), hierarchist (H) 
and egalitarian (E). From the individualist perspective, choices are grouped based on 
short-term interest, with proven effects and able to be managed by technology. A 
very long term, precautionary perspective typifies the egalitarian perspective, while 
the hierarchist perspective is based on a balance between short and long term and 
common policy principles (Goedkoop et al., 2009). The timeframe over which 
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climate change impacts are assessed, for example, includes 20 years for the 
individualist, 100 years for the hierarchist, and 500 years for the egalitarian 
perspective. The default ReCiPe midpoint method is the hierarchist consensus 
version and as there was no obvious reason for choosing otherwise it was used in this 
research. 
Table 3-3. The connection between midpoint and endpoint categories in ReCiPe 
2008. 
Midpoint impact category Endpoint impact category 
Agricultural land occupation Damage to ecosystem diversity 
Climate change Damage to ecosystem diversity 
Damage to human health 
Freshwater ecotoxicity Damage to ecosystem diversity 
Freshwater eutrophication Damage to ecosystem diversity 
Marine ecotoxicity Damage to ecosystem diversity 
Natural land transformation Damage to ecosystem diversity 
Terrestrial acidification Damage to ecosystem diversity 
Terrestrial ecotoxicity Damage to ecosystem diversity 
Urban land occupation Damage to ecosystem diversity 
Human toxicity Damage to human health 
Ionising radiation Damage to human health 
Ozone depletion Damage to human health 
Particulate matter formation Damage to human health 
Photochemical oxidant formation Damage to human health 
Fossil fuel depletion Damage to resource availability 
Mineral resource depletion Damage to resource availability 
Marine eutrophication Nil 
Water depletion Nil 
Note: Adapted from “ReCiPe 2008: A life cycle impact assessment method which 
comprises harmonised category indicators at the midpoint and the endpoint level; 
First edition report 1: Characterisation” (p. 15), by M. Goedkoop, R. Heijings, M. 
Huibregts, A. De Schryver, J. Struijs, and R. Van Zelm, R, 2009 (http://www.lcia-
recipe.net). In the public domain. 
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3.4 Ethics approval 
Ethics approval was required before data collection as research involved interaction 
with people, through interviews and questionnaires, to gather required data. 
Participants were provided with an information sheet and a consent form. The 
information sheet included general information such as a plain language statement 
on what the research was about, time requirements, how results may be 
disseminated, and a complaints procedure if required. 
The consent form was required to be read and signed by the participant indicating 
their agreement to participate in the research project, their understanding that 
participation was voluntary and could be rescinded at any time, and their agreement 
to share information on industry practices relevant to the inputs and outputs of 
material used. The consent form indicated that the identification of participants 
would be kept confidential; hence, information was stored securely and identities 
were not revealed in published materials. The consent form was not used for the 
questionnaire sent to the grower in The Netherlands (to gather greenhouse data), as it 
was assumed that consent was given when the participant returned the completed 
questionnaire. 
Participants were informed that the interviewers would take notes during the face-to-
face meetings. A transcript of the notes was shared with the participant as a way to 
confirm accuracy of the information recorded.  
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Chapter 4: Data Handling 
Chapter 3 justified the post-normal scientific theoretical perspective through which 
this research was informed. The use of exploratory scenarios to inform the research 
question was outlined, involving development of qualitative narratives, followed by 
quantitative modelling and numerical assessment of environmental impacts using the 
method of life cycle assessment. This chapter expands on data collection techniques 
used to generate the life cycle inventory for both the horticultural and housing 
systems, including how data were subsequently populated in SimaPro® process 
records. Information from within the four papers is not necessarily repeated; instead, 
additional detail on how data were captured, processed and verified is set forth in 
order to demonstrate the extent of data collection and to provide assurance of data 
quality. The overarching statement is not meant to be a reprise of already stated 
information; however, information presented in this chapter may serve to ground the 
reader with contextual detail, which is of particular relevance if new to life cycle 
assessment. 
No prescribed method exists for collecting data for life cycle inventory and it is 
common to see data from multiple sources, including measured, modelled, 
researched or estimated (Simonen, 2014). Data collection methods used in this 
research included: 
• face-to-face interviews and a questionnaire used to collect numerical
information on farm inputs and outputs;
• personal communications with a land developer to collect bills of material
for land development; and
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• literature review to support sourcing of the large volume of data required 
for the life cycle assessment, including journal articles, books, conference 
papers, organisational and governmental websites, reports and statistics.  
Challenges with data collection have been reported in life cycle assessment 
literature; for example, some organisations are not willing to share inventory data if 
they may compromise competitive advantage, and in other circumstances the cost of 
data collection may be prohibitive (Reap, Roman, Duncan, & Bras, 2009). 
Challenges such as these occurred during this research, explained in further detail in 
this chapter. 
Aimed at addressing these challenges, techniques that provided assurance of data 
quality are described. Principles for data quality in life cycle assessment require data 
to be geographically, temporally and technologically representative, as complete and 
internally consistent as possible, and of the highest available precision (Simonen, 
2014). Wherever possible, literature was used for data triangulation to verify 
information (Thurmond, 2001), meaning that data from different sources were 
compared to the value used in the inventory to decrease the likelihood of non-
representative information. Key assumptions were stated in each research paper, 
supporting transparent data handling. Other techniques included completeness 
assessment, to verify that data were comprehensive and any omissions assessed for 
effect on results; consistency checks, to ensure data inconsistencies did not occur 
that could lead to erroneous conclusions; and evaluation of the main identified 
sources of uncertainty, using sensitivity analysis. Uncertainty can manifest through 
various avenues in a life cycle assessment, such as: 
• initial assumptions made when establishing the assessment; 
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• methods chosen for impact assessment; 
• inventory analysis; and  
• data quantification. 
Performing sensitivity analysis on data that may be considered least certain assesses 
if results change with changes in the data, which can inform the researcher what 
areas of data to focus or report on (Simonen, 2014). Sensitivity tests were performed 
and reported on within the four papers, and additional sensitivity testing that was 
thought warranted during the writing of this overarching statement is presented in 
Section 4.5. 
4.1 The horticultural system 
This section expands on the data used to model the horticultural system, including 
why lettuce was selected as the representative fresh food grown in peri-urban regions 
of Sydney, the reasons for choosing Victoria as an alternative growing location, data 
collection methods, and data used for the life cycle inventory. 
Environmental impacts were calculated for lettuce transported to the Sydney market, 
reflecting the need for food to be supplied to a population that is geographically 
static. Several different growing technologies were compared, including traditional 
field production, outdoor hydroponic, and a high technology greenhouse. Of interest 
in this research was conducting a spatially relevant analysis to compare the 
environmental impacts for a fresh food reaching the local Sydney market, produced 
in different growing locations (Paper 1). The reasons for choosing lettuce as the 
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indicator for environmental impact of other fresh, perishable vegetables is explained 
next. 
4.1.1 Choice of crop 
Lettuce was the vegetable of choice as proxy for the life cycle assessment based on 
the following criteria: (a) being fresh and perishable, meaning that loss of production 
from the Sydney region would expect to be replaced with Australian production; (b) 
being of relatively high monetary value for the Sydney region; (c) having a 
reasonably large outdoor planting area; (d) being a dietary staple, meaning 
displacement from the supply chain is unlikely to occur; and (e) contribution to GHG 
emissions. As indicated in Chapter 2, the vegetable selected in this thesis to illustrate 
the principle of integrating environmental assessment when extracting peri-urban 
horticultural land for housing was lettuce. Lettuce is perishable, meaning that 
refrigeration is typically required to slow the spoilage process; lettuce is unlikely to 
be import substituted (McDougall et al., 2012); lettuce has one of the highest dollar 
value contributions to the value of fresh food production in the Sydney statistical 
division (Figure 2-2); 791 hectares of the 1193 hectares in New South Wales devoted 
to lettuce is reportedly used for lettuce production within the Sydney region (ABS, 
2008), representing approximately 10 percent of the reported 7411 hectares sown to 
lettuce within Australia (AUSVEG, 2011); lettuce has a high importance in the 
Australian diet (Hall et al., 2014); and lettuce is reportedly a relatively high 
contributor to GHG emissions of vegetable origin in Australia (Maraseni, Cockfield, 
Maroulis, & Chen, 2010). 
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4.1.2 Marginal location for displaced lettuce production 
The more remote location to which production would move if displaced from the 
Sydney region is termed the “marginal location”. Knowing the marginal location is 
necessary for the model, firstly to guide the study on the alternative geographical 
location of farms from which to collect data, and secondly to quantify supply chain 
variables from this location to the Sydney market. Factors considered when selecting 
the marginal location included (a) whether production capacity could be increased 
rapidly or if constraints to capacity changes existed, such as land clearing 
regulations, competing land uses, water irrigation licensing concerns, or significant 
capital investment being required, (b) the preferred or available technology, and (c) 
availability of farmers within any marginal location who were willing to participate. 
The next paragraph expands on these three factors. 
Field lettuce production in the states of Victoria or Queensland was considered the 
viable alternative option to Sydney’s peri-urban field production. Lettuce production 
is likely to expand in geographical regions where existing growers can increase 
production using current production technology with the least expense. Growers 
most likely to expand if lettuce production is displaced from the Sydney region will 
already produce high volumes and use field-based production methods, such as in 
Victoria or Queensland. Reasons for this include an absence of market policies in the 
highly competitive lettuce market; hence, increased production costs cannot easily be 
passed on to consumers (Heisswolf et al., 1998) and new technologies are therefore 
not adopted rapidly due to cost and profitability constraints (L. James, personal 
communication, May 23, 2011). The lettuce market is quite stable and the market has 
existed in a deregulated state for many years, meaning there are no policies that 
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provide any particular locations or technologies with a policy-driven advantage. 
Seasonality is not a major consideration as improvements in summer and winter 
lettuce varieties have only increased competition due to their ability to withstand 
variation in different climates. 
The states of Victoria and Queensland are major sources of lettuce (Table 4-1) and 
are significant domestic and export market providers (Department of Economic 
Development, Jobs, Transport and Resources, 2014). Correspondence with lettuce 
processors in the Sydney region indicated that both Victoria and Queensland were 
existing sources of lettuce already in use throughout the year (A. Drummond, May 
25, 2011). Replacing displaced peri-urban production from Sydney with lettuce from 
these areas would be likely as supply chains are in place and existing production 
levels are high. Dominant regional production locations within Queensland include 
the Lockyer Valley, and in Victoria, the Mornington Peninsula. Western New South 
Wales was not considered as an alternative due to potential water or irrigation 
constraints, particularly in future years if scenarios of drying eventuate (see 
Chapter 2). 
Table 4-1. Economic value of lettuce production for Australian states with the 
highest production dollar values. 
 Value, $ 
 All 
Australia 
New 
South 
Wales 
Queensland Victoria South Australia 
Western 
Australia 
Outdoor 
lettuce  
(head type) 
151,134,450 15,724,502 60,449,164 56,155,141 9,693,850 9,045,300 
Note: Adapted from “Value of agricultural commodities produced, Australia, 2008–
09, Table 1 VACP – all commodities – national, Australia, data cube: excel 
spreadsheet all commodities, by Australia, state and statistical division (cat. no. 
7503.0),” by ABS, 2010 
(http://www.abs.gov.au/ausstats/abs@.nsf/detailspage/7503.02008-09). In the public 
domain. 
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Hydroponics and high technology greenhouses are potential alternative technology 
options which this project used to compare environmental impacts with traditional 
field production. Hydroponics (outdoor or low technology indoor) is a current 
technology used to a much lesser extent than field production within Australia. High 
technology greenhousing is used in parts of Europe such as The Netherlands 
(Montero, van Henten, Son, & Castilla, 2011); however, the low profitability of the 
industry and high cost of the infrastructure make investment in high technology 
greenhousing an unlikely option, though useful for comparison of environmental 
impacts. 
4.1.3 Lettuce farm participation 
The use of lettuce as the indicator crop in the modelling process required ground 
truthing of available agricultural information, necessitating a number of visits to 
regional farms to observe and discuss cropping with relevant communities of 
practice. Obtaining farmer participation was challenging, particularly once the scope 
of data collection was explained. The final sample size included five farms: two peri-
urban field farms in the Sydney region, one peri-urban low technology hydroponic 
farm, one high technology greenhouse adapted as an example for peri-urban Sydney, 
and one Victorian field farm in the Mornington Peninsula (see Paper 1, Figure 1). 
Published literature available for lettuce in Australia (Queensland), where 
comparable life cycle assessment methods were used (Maraseni, Mushtaq, & 
Reardon-Smith, 2012), was used for validation purposes (Paper 1). 
Lettuce production practices in Australia tend to be standardised because of the 
fastidiousness of the crop; therefore, the sample size involved a small but 
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representative number of farm units which addressed the demands of inputs on the 
model, many of which were of a quantitative nature. The sample size fits into the 
model of successful studies that use relatively small sample sizes for obtaining 
detailed qualitative information about a range of specific variables while allowing 
for a detailed comparative study and analysis of trends. A review of literature and 
doctoral theses using life cycle assessment was conducted and showed that a case 
study approach using a small number of detailed cases is typical (Foley, 2009; 
Khabbaz, 2010; Manmek, 2007; Prasara-A, 2009; Renouf, 2011) primarily due to 
differences in system boundaries and available data sets with different original 
collection aims and levels of resolution. Case study design is relevant where there 
are a large number of variables, relating to only a small number of cases, that need to 
be understood within the context as a whole, as in this research (de Vaus, 2006; 
Gerring, 2004). A case study approach is also a suitable methodology to answer this 
particular “how” question (Yin, 1989); that is, “how do environmental impacts at 
the peri-urban interface compare under different housing and food production 
land use scenarios?” Most case studies use either a small number of cases, one to 
three, or alternatively a large number of 40 or more cases. For the smaller sample 
sizes, the researcher’s goal is to understand specific processes in a small number of 
cases, or to explain general questions and patterns (Ragin, 2014). The smaller sample 
size indicated by Ragin (2014) also correlates well to the examples from literature 
and as used in this research. Using data from case studies to inform simplified 
models is a reason why life cycle assessment studies are highly suited for identifying 
trends for systems within a defined boundary, recalling from Section 3.3 that it is not 
the purpose of the life cycle assessment to prove cause-and-effect relationships. 
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4.1.4 Data collection 
Questionnaires were developed to collect quantitative farm-level data and were 
completed during face-to-face interviews of approximately two-and-a-half to four 
hours duration each with the four Australian farmers during 2011 and 2012. 
Interviews were performed at each farmer’s property and where necessary follow-up 
was performed via email or phone for clarification or additional information. The 
questionnaire was also sent to a farmer in The Netherlands in 2013 for the high 
technology greenhouse, with some additional questions pertaining to greenhouse size 
and capital equipment (see Paper 1). Table 4-2 lists the type of information collected 
using the questionnaire, which included all areas of basic agricultural production. 
Obtaining data using a questionnaire enabled data collection that was geographically, 
temporally and technologically representative. A copy of the questionnaire template 
used is provided in Appendix F.  
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Table 4-2. Type of information collected from farmers using the questionnaire. 
Section of 
questionnaire 
Information collected 
Part 1: 
Background 
Contact details, land size, ownership 
Part 2: Land 
use general 
• Land division and areas 
• Other crops or animals 
• Proportion or time per year dedicated to lettuce 
• Planting densities 
• Annual yield (number of plants and total weight) 
Part 3: 
Cropping 
cycle 
• Key operations of the cropping cycle (e.g. transplanting, 
pruning, removal of leaves, fertilising, spraying, harvesting, 
crop removal) 
• Machinery involved 
• Time involved 
• Seeds versus transplants 
• Transplants – home grown or nursery, discard/thinning rate, 
planting rate, where from and how often, how delivered 
• Seeds – pelleted or unpelleted, sowing rate, cost and weight 
purchased per annum, where from and how often, how 
delivered 
• Area planted by month, month harvested, time to maturity, 
yield 
• Harvest – equipment used, duration, time intervals during year 
• Crop rotation practices – rotation sequence, fertiliser/pesticide 
treatments for cover crops or rotational crops 
Part 4: 
Fertilisers and 
chemicals 
• Target rates of nitrogen, phosphorus or potassium (if known) 
• Delivery methods to farm 
• Amounts and frequency or dollar values used per annum for: 
o fertilisers 
o insecticides 
o herbicides 
o fungicides 
o bio-stimulants 
o peat 
o calcium 
o litters or manures 
o composts 
o wetting agents 
Part 5: Diesel, 
fuel, oil, 
electricity 
Total amounts, uses and bills for petrol, oil, diesel, gas, mains 
electricity, other power if applicable 
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Part 6: 
Irrigation 
• Typical irrigation requirement for lettuce 
• Irrigation pattern during a lettuce planting to harvest 
• Use of soil moisture monitoring if applicable 
• Source of irrigation water (e.g. on-farm dam, town supply, river, 
recycled) and quantities of each 
• Irrigation infrastructure 
• Irrigation pumps – capacity, number used, energy and time used 
Part 7: 
Packaging 
and 
transportation 
• How lettuce was packed, type of materials (e.g. plastic trays, 
corrugated cardboard boxes, waxed fibreboard) 
• Quantity per transported carton 
• Amount of packaging material (e.g. 5 kg cardboard boxes for 40 
lettuces, 1 kg plastic tray) 
• Number of cartons typically shipped in a delivery 
• Re-use of packaging – cartons single use or reusable 
• Refrigeration on site, length of time the lettuce was stored 
before transportation 
• Water quantity used for washing lettuce, if any 
• Other chemicals and quantities used during washing (e.g. 
sodium hypochlorite) 
• Quantities of water used for cleaning sheds and equipment 
• Type of transport to Sydney market, use of refrigerated transport  
• Weight carried by trucks and proportion for lettuce 
Additional 
questions for 
the 
greenhouse 
• Footprint of greenhouse total under cultivation and percentage 
dedicated to lettuce per annum 
• Greenhouse construction: 
o expected life 
o construction materials used (e.g. for walls, frame, roof, 
floor) 
o water reticulation system and components 
o heating/cooling system and components 
o soilless or soil based 
 
The questionnaire was prepared by the author, informed using a multidisciplinary 
approach that included review by the author’s supervisory team (professorial staff 
from agriculture, a senior research scientist from the Commonwealth Scientific and 
Industrial Research Organisation [CSIRO], and a postdoctoral practitioner of life 
cycle assessment); and input and review from professorial and research staff in 
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public health from the Australian National University. It was also informed by 
literature on lettuce production practices (Heisswolf et al., 1997; Napier, 2004; 
Swaider & Ware, 2002; Titley, Jobling, Giggins, & Rogers, 2007) and published life 
cycle assessments on agricultural products (e.g. Cellura, Longo, & Mistretta, 2012; 
Dalgaard et al., 2008; Geyer, Stoms, Lindner, Davis, & Wittstock, 2010; Milà I 
Canals, Muñoz, Hospido, Plassman, & McLaren, 2008; Thomassen, Dalgaard, 
Heijings, & de Boer, 2008).  
A multidisciplinary approach to questionnaire development and review was required 
to produce an effective questionnaire for the following reasons: (a) it was not 
feasible to conduct a pilot study due to restrictions on time and availability for 
participating farmers; (b) there are no mandated requirements, only guidelines, for 
questionnaires used to collect data during life cycle assessment (ISO, 2006a, 2006b); 
and (c) to ensure variables that required information for modelling were included. To 
assist identification of the types of data required to model within SimaPro® the 
researcher underwent training in the software tool, SimaPro®, prior to developing 
the questionnaire. Understanding the methods to be used for analysis before 
questionnaire development is required to ensure necessary data are collected (De 
Vaus, 2013). 
The questionnaire was designed in order that particular questions could be compared 
to earlier answers; this is an important mechanism to aid clarification (De Vaus, 
2013). The annual yield of lettuce and the area of farm allocated to lettuce as stated 
by the farmer, for example, were able to be cross-referenced to the monthly planting 
and harvesting schedule and information on crop rotation cycles. 
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Present for interviews at the Sydney farms were three researchers, who formed part 
of a collaborative project between Western Sydney University and the Australian 
National University, supported by the CSIRO Flagship Collaboration Fund. The 
three researchers included the author of this work and two staff, in the roles of 
Associate Professor and Research Assistant, from the National Centre for 
Epidemiology and Population Health at the Australian National University3. The 
author conducted the subsequent interview with the Victorian farm and 
correspondence with the greenhouse farm in The Netherlands. Data for the 
greenhouse required energy corrections and these are explained in the next section. 
4.1.5 Life cycle inventory 
The inventory data to be used to model the lettuce farm were extracted in a 
hierarchical order of preference, being firstly from the information supplied by the 
farmers and secondly, where estimates were required to prevent missing data, from 
literature or the default databases (described in Chapter 3) available within 
SimaPro®. Cross-checking of data across all farms, or completeness checking, was 
performed to ensure equivalent types of inventory were present, thereby ensuring 
differences in impacts were not attributable to missing or extra data. In contrast to 
many life cycle assessment studies on vegetables a very wide inventory including 
capital equipment, nursery stage, organic amendments, pesticides, washing, packing 
and truck refrigeration was considered for completeness (Paper 1). 
                                                 
3 Data from the field lettuce farms in Sydney were used in a different life cycle assessment study 
comparing commercially produced to backyard grown lettuce and an earlier paper was produced (Hall 
et al., 2014). The expansion of contexts between this earlier paper and Paper 1 is explained in 
Chapter 7. 
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Table 4-3 summarises the unit processes used within the SimaPro® model of each 
farm, showing the data source for the quantities of each inventory item, and an 
example is provided of the on-farm life cycle inventory for the first lettuce farm. 
Table 4-4 illustrates a similar example for post-harvest processing occurring at the 
farms, Table 4-5 for supply chain impacts encountered during the process of getting 
product to the Sydney market and Table 4-6 for lettuce transplants. In these four 
tables the unit process description is provided as well as a corresponding example of 
quantity. The data source for the inventory type and quantity is indicated in the four 
tables as foreground (F) where obtained from the lettuce farms or background (BL) 
from literature. At this stage it is necessary to recall from Chapter 3 that SimaPro® 
works by connecting unit process records in a process chain that represents the 
modelled system. The data source may specify that foreground data were used for 
the types and quantities of inventory used, but it must be remembered that upstream 
(background) data connected to the selected unit process will also be pulled into the 
modelling. This is how SimaPro® ensures comprehensive coverage of the life cycles 
of all related inputs and outputs, including upstream inputs and outputs. As an 
example, from the farmer we know relatively precisely how much of each type of 
fertiliser was applied for one kilogram of lettuce produced, hence the quantity and 
type is the foreground data. Attached in the unit process record for the fertiliser and 
therefore pulled into the modelling is average industry data on the manufacture and 
transportation required to produce the fertiliser.  
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Table 4-3. Life cycle inventory, data source and example for on-farm lettuce 
modelling in SimaPro® for the output of 1 kg of lettuce. 
Unit process description 
Data source 
F/BL 
Example per kilogram 
lettuce for Lettuce Farm 1 
Quantity^ Units 
Known inputs from nature (resources) 
Occupation, permanent crop F 1.42E–01 m2a 
Water use (river, surface or drinking) F 5.12E+01 kg 
Known inputs from technosphere (materials/fuels) 
Lettuce seed, quantity F see transplants kg 
Fertilisers and organic amendments 
Calcium nitrate as N F 7.90E–04 kg 
Compost F 0.00E+00 kg 
Fertiliser NPK + additives F N/A kg 
Fertiliser Rustica NPKS 15 0 17 8 F 7.90E–04 kg 
Fertiliser, N (urea) F N/A kg 
Iron EDTA product F N/A kg 
Magnesium sulfate F N/A kg 
Potassium nitrate as N F 7.90E–04 kg 
Potassium phosphate F N/A kg 
Potassium sulfate F N/A kg 
Poultry manure F 2.76E–01 kg 
On-farm transport, fuels 
Farm bikes, amount of F/BL 3.51E–07 p 
Farm bikes, fuel F 3.86E–04 kg 
Tractor, amount of F/BL 1.00E–04 kg 
Tractor, diesel use F 1.75E–02 l 
Agricultural machinery, amount of F/BL 2.34E–04 kg 
Irrigation infrastructure 
Steel, irrigation pumps, amount of F/BL 7.83E–05 kg 
Aluminium, irrigation, amount of F/BL 1.70E–04 kg 
Polyethylene, irrigation, amount of F/BL 8.71E–04 kg 
Hydroponic infrastructure (Lettuce Farm 3) 
PVC pipe, amount of F/BL N/A m 
Polyethylene granules for shadecloth, 
amount of F/BL N/A kg 
Weaving process for shadecloth F/BL N/A kg 
Greenhouse construction (Lettuce Farm 5) 
Concrete BL N/A kg 
Flat glass BL N/A kg 
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Paint BL N/A kg 
Polyethylene and extrusion (e.g. 
screens, tank linings, pipes) BL N/A kg 
Polyvinylchloride and extrusion plastic 
pipes BL N/A kg 
Steel, structural BL N/A kg 
Pesticides, insecticides, fungicides, wetting agents 
Acetamide-anilide-compound F 7.54E–05 kg 
Benzoic compound F 5.02E–05 kg 
Copper sulfate F N/A kg 
Diphenyl-ether compound F 1.35E–05 kg 
Ethoxylated alcohol F 4.79E–06 kg 
Fungicides, unspecified F N/A kg 
Glycerin F N/A kg 
Insecticides, unspecified F N/A kg 
Organophosphorus compound F 1.38E–04 kg 
Pesticide, unspecified F 1.37E–05 kg 
Solvent, organic F N/A kg 
Thiocarbamate compound F 6.69E–04 kg 
Known inputs from technosphere (electricity/heat) 
Electricity, by state mix F 9.91E–03 kWh 
Greenhouse (Lettuce Farm 5) 
Natural gas, low pressure F/BL N/A kg 
Electricity, photovoltaic F/BL N/A kWh 
Emissions to air 
Carbon dioxide F/BL 1.83E–04 kg 
Dinitrogen monoxide F/BL 2.91E–04 kg 
Volatile organic compounds F/BL 2.14E–04 kg 
Emissions to water 
Pesticides, unspecified F/BL 7.93E–06 kg 
Nitrate F/BL 2.86E–03 kg 
Phosphate F/BL 3.11E–05 kg 
Sulfate F/BL 2.84E–04 kg 
Potential for sequestration through organic amendments 
Carbon dioxide F/BL -2.72E–02 kg 
^inventory marked not applicable (N/A) may not be included in the example given 
for Lettuce Farm 1 but forms part of the inventory for a different farm. 
BL, background. 
F, foreground. 
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Table 4-4. Life cycle inventory, data source and example for post-harvest 
lettuce modelling in SimaPro® for the output of 1 kg of lettuce. 
Unit process description 
Data source 
F/BL 
Example per kilogram 
lettuce for Lettuce Farm 1 
Quantity^ Units 
Known inputs from nature (resources) 
Nil – – – 
Known inputs from technosphere (materials/fuels) 
Lettuce, on-farm See Table 4-3 1 kg 
Water use (drinking) F 3.2E–02 l 
Chemicals for washing lettuce, if used 
Hydrogen peroxide, 50% in water BL 3.2E–05 kg 
Acetic acid, 98% in water BL 4.8E–06 kg 
Sodium hypochlorite, 15% in water BL N/A kg 
Packaging, crates for transport 
Polypropylene granulate and blow 
moulding 
BL 
1.55E–02 kg 
Corrugated board BL N/A kg 
Polyethylene and extrusion for lettuce 
twin packs 
BL 
N/A kg 
Coolroom materials 
Polyurethane rigid foam BL 2.95E–05 kg 
Steel sheet BL 6.95E–05 kg 
Concrete BL 3.46E–06 kg 
Known inputs from technosphere (electricity/heat) 
Electricity, by state mix, for coolroom BL 8.54E–03 kWh 
^inventory marked not applicable (N/A) may not be included in the example given 
for Lettuce Farm 1 but forms part of the inventory for a different farm. 
BL, background. 
F, foreground. 
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Table 4-5. Life cycle inventory, data source and example for supply chain 
lettuce modelling in SimaPro® for the output of 1 kg of lettuce. 
Unit process description 
Data source 
F/BL 
Example per kilogram 
lettuce for Lettuce Farm 1 
Quantity^ Units 
Known inputs from nature (resources) 
Nil – – – 
Known inputs from technosphere (materials/fuels) 
Lettuce, post-harvest See Table 4-4 1 kg 
Transport, rigid truck, 3.5–16 t F 6.0E–02 tkm 
Transport, articulated, >20 t F N/A tkm 
Refrigerated truck additional materials (Victorian lettuce) 
Polyurethane, rigid foam BL N/A kg 
Steel sheet BL N/A kg 
Plywood BL N/A kg 
Refrigerant BL N/A kg 
Diesel, additional used BL N/A kg 
Known inputs from technosphere (electricity/heat) 
Nil – – – 
^inventory marked not applicable (N/A) may not be included in the example given 
for Lettuce Farm 1 but forms part of the inventory for a different farm. 
BL, background. 
F, foreground. 
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Table 4-6. Life cycle inventory, data source and example for lettuce transplant 
modelling in SimaPro® for the output of 1 kg of lettuce. 
Unit process description 
Data source 
F/BL 
Example per kilogram 
lettuce for Lettuce Farm 1 
Quantity^ Units 
Known inputs from nature (resources) 
Water use BL 7.62E–01 kg 
Known inputs from technosphere (materials/fuels) 
Lettuce seed BL 7.5E–05 kg 
Peat moss BL 3.93E–03 kg 
Sand BL N/A kg 
Bark BL N/A kg 
Fertilisers 
Ammonium nitrate BL 3.66E–04 kg 
Superphosphate BL 1.46E–03 kg 
Potassium chloride BL 3.66E–04 kg 
Trays 
Polypropylene granulate and blow 
moulding 
BL 
3.67E–05 kg 
Water use (washing trays) BL 3.65E–02 l 
Polytarp greenhouse materials 
Polyethylene film BL 9.14E–05 kg 
Rolled steel BL 3.21E–05 kg 
Known inputs from technosphere (electricity/heat) 
Electricity, by state mix F/BL 6.27E–04 kWh 
Emissions to air 
Dinitrogen monoxide F/BL 4.02E–06 kg 
^inventory marked not applicable (N/A) may not be included in the example given 
for Lettuce Farm 1 but forms part of the inventory for a different farm. 
BL, background. 
F, foreground. 
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The data source for capital goods used for production purposes on the farm, such as 
tractors, motorbikes and irrigation infrastructure, is indicated in the tables as 
requiring a combination of foreground data and background data from literature to 
estimate quantities. The reason for this is that farmers were able to explain quantity 
and type of agricultural machinery (e.g. tractors) but the weights of these items were 
estimated using literature. 
New unit processes were required for the transplants used at several farms, including 
one field production farm in peri-urban Sydney that was growing its own transplants 
using peat moss as the growing medium and other farms using transplants from 
commercial nurseries. Information was sourced from two commercial nurseries, 
Leppington Seedlings and Boomaroo nurseries, which were the two companies 
identified as sources of transplants by farmers in Sydney and Victoria, respectively. 
Information used to inform the transplant inventory included the following: 
• seedlings use 200-hole trays which are recycled; the material was assumed to 
be polypropylene; 
• growing mixes differed between farms and included peat moss at the Sydney 
farm producing its own, a peat moss and soil mix at the commercial nursery 
in Sydney, and a peat and pine bark mix at the commercial nursery in 
Victoria; 
• time from seeding to sale of transplant was five weeks; 
• several life cycle assessment studies for packaged peat moss were identified 
from literature and were used for this research (Boldrin, Hartling, Laugen, & 
Christensen, 2010; Cleary, Roulet, & Moore, 2005); 
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• water requirements for transplants were not known by the nurseries or 
farmers, hence were determined from estimates of volume of water per gram 
dry mass accumulated available in literature (Both, 2003; Harwood, Al Said, 
Pearson, Houghton, & Hadley, 2010); 
• transplants were fed with nitrogen phosphorus potassium (NPK) fertiliser 
twice per week. It was assumed that this was 6 g/l of 8-32-8 fertiliser, as per 
recommended fertilisation of seedlings found in Valenzuela, Kratky, & Cho 
(1996) and applied using the water calculated above as the delivery medium; 
and 
• structures for greenhouses were steel framed with polyethylene sides. 
Transplant inventory represented in Table 4-6 was then used as an input process in 
the on-farm lettuce inventory as per Table 4-3 for the farms using transplants. 
High technology greenhouse 
Information for the high technology commercial greenhouse was obtained from a 
lettuce producer in The Netherlands due to an absence of greenhouse lettuce 
production in Australia from which data could be obtained. Corrections to energy 
requirements for heating and cooling were necessary due to the climatic differences 
between The Netherlands and Sydney, Australia. Electricity use for powering 
irrigation systems, lighting and other baseload energy requirements servicing the 
greenhouse were assumed to remain the same. 
Converting the energy for heating in The Netherlands to align with heating 
requirements for Sydney required comparison of the daily heating degree days for 
the locations of Rotterdam (The Netherlands) and Richmond (Sydney). The daily 
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heating degree days were calculated from meteorological information and using the 
equations from the Chartered Institution of Building Services Engineers (2006). A 
ratio-based comparison then calculated heating degree days for Richmond, New 
South Wales, and corresponding energy requirement. Calculations were based on 
greenhouse temperature set points of 10°C minimum and 30°C maximum (air 
temperature). Minimum temperatures of 10°C are not uncommon in winter (Liu et 
al., 2007), and Thompson, Langhans, Both, and Albright (1998) demonstrated that a 
day air temperature of 31°C was not significantly detrimental to dry mass of lettuce 
produced compared to 24°C. 
Similarly, energy use for cooling in the Sydney region needed to be estimated due to 
high summer temperatures. Temperatures in The Netherlands were low enough in 
summer to not require additional summer cooling. Cooling degree days for Sydney 
were estimated using the approach in Prek and Butala (2010) and assumed that 
active cooling (as opposed to passive cooling using ventilation) was required to cope 
with the hot summer daily maximum temperatures in the region. Energy use 
estimations included operation of both horizontal air flow fans operating daily 
throughout the year, and fan and pad evaporative cooling system operating on days 
where active cooling was required. 
A detailed inventory of construction materials, or a bill of quantities, was not 
available for the commercial greenhouse. Materials used in construction of a similar 
greenhouse were obtained from a life cycle assessment study on a Dutch venlo 
glasshouse (Antón et al., 2012), corrected for soil being used as the growing 
substrate as opposed to tables. A variation was added where solar photovoltaic 
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panels (a 200 kW system) were added and, as reported in Paper 1, a sensitivity 
analysis to using solar instead of grid energy was performed. 
Seasonality and allocation 
Attributional life cycle assessments such as this require the life cycle inventory to 
reflect the inputs and outputs of the lettuce; however, the attribution of 
environmental burden to the life cycle of lettuce becomes more complex when other 
horticultural crops are grown at a farm over the course of a year. Variation between 
the needs of different crop types as well as seasonal influences on crop production 
could lead to different degrees of burden at any one time during the course of a year. 
More irrigation water and fertiliser are used, for example, in warmer months of the 
year when rate of crop growth is high. The process of attributing environmental 
burden to lettuce when other crops are also produced on the farm is called allocation. 
Information pertaining to lettuce only was obtained as much as possible during 
collection of data and collected for annual periods where possible to avoid averaging 
seasonal influences; however, where farm-level data involved co-products, allocation 
by physical flows was implemented using mass allocation. For example, where a 
capital good such as a tractor is used on the farm, but lettuce is farmed with other 
crops on the same farm, only a proportion of tractor manufacture is attributed to 
lettuce and not the entire manufacture of the shared capital good. 
Guidance on how to perform allocation is provided in life cycle assessment standards 
including partitioning inputs and outputs by mass, system expansion to include co-
products, or economic value (ISO, 2006a, 2006b). System expansion would 
necessitate a considerable increase in investigative effort as all co-products would 
require analysis (this would apply to any other product produced on the farm, such as 
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cauliflower, corn, watermelon and leek), and would prompt a revision of the 
functional unit (since other products may need to be included); the effort would not 
be justifiable for the scope of the study. Economic allocation is only recommended 
as a final alternative if other allocation methods are not deemed suitable, partly due 
to risk of missing or distorted market prices affecting the fairness of results (Ardente 
& Cellura, 2012). Mass allocation was chosen as the preferred allocation method in 
this research (a) for practicality while maintaining alignment with the goals and 
scope of the assessment, and (b) because the order of preference stated for 
agricultural life cycle assessments where allocation based on physical relationships is 
preferred if a system expansion approach to include co-products is not to be used 
(Harris & Narayanaswamy, 2009). 
Lifetimes 
Inventory is required to be modelled on an annual basis as results are presented per 
annum; hence, capital goods included in the inventory require amortisation over their 
assumed lifetime in order to produce data relevant for a one-year period. The 
inventory for capital goods in this research applied linear amortisation over each 
capital item’s assumed lifetime, meaning that the environmental burden was 
distributed evenly across each year of a capital item’s lifetime.  
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Table 4-7. Amortisation periods used for capital items at farms. 
Capital item Amortisation period, years 
Commercial greenhouse 
- Solar panels
30 
25 
Hydroponic pipework and shadecloth 15 
Irrigation equipment, field farms 
- Pumps, steel, aluminium
- T-tape for surface system
10 
7 
Lettuce packaging for transport 
- Polypropylene crates
- Waxed cardboard crates
- Low density polyethylene, cardboard crate liners
5* 
Single use 
Single use 
Motorbikes on farm, tractors, coolrooms on farm, lettuce 
transportation trucks, agricultural machinery** (e.g. blower, 
sprayer, rotary hoes of various sizes, harvest aid conveyor, 
spreader, seeder, bedformer), greenhouse machinery (plug 
popper, hole cutter, trolley, forklift, cleaning cart) 
15 
Transplant greenhouse 
- Greenhouse frame, steel
- Cover, polyethylene
15 
3 
*Farmer still using after 11 years.
**Rotary hoes given a five-year life where farmer stated more frequent use and
shorter lifetime.
Emissions calculated for applied agrochemicals 
Emissions factors for dinitrogen monoxide and carbon dioxide from urea were 
obtained from the Australian methodology for the estimation of greenhouse gas 
emissions and sinks 2006 (National Greenhouse Gas Inventory Committee, 2007) or 
where absent from there, from the Intergovernmental Panel on Climate Change 
guidelines (Eggleston, 2006). Carbon dioxide emissions from biomass and dead litter 
were not included, primarily as no net increase in biomass stocks typically occurs for 
annual cropping nor is there any increase in litter accumulation, such as leaves, 
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branches, bark, fruits, flowers and hay (Eggleston, Buendia, Miwa, Ngara, & 
Tanabe, 2006). 
At the farm scale, it is possible that application of the organic amendments of 
composts and poultry litter make some impact to soil carbon levels and to carbon 
emissions, even though the global warming potential of carbon dioxide is 
considerably less than that of dinitrogen monoxide. Carbon in poultry litter, for 
example, constitutes approximately 40 percent by weight and the fate of some 
applied carbon must necessarily enter the ecosystem. Soil organic carbon stocks 
using the Intergovernmental Panel on Climate Change tier 1 default method, 
however, equated to zero change per annum. This is because soil carbon stock 
changes using the Intergovernmental Panel on Climate Change method are computed 
for the entire land area included in the inventory, usually national-level accounting, 
based on changes in land use and management that occur within a period of time. 
Literature, however, is fairly united in its support of application of organic 
amendments increasing both carbon dioxide emissions (Ding, Meng, Yin, Cai, & 
Zheng, 2007; Ryals & Silver, 2013; Vaughan, Dalal, Harper, & Menzies, 2011) and 
terrestrial soil carbon pools (Biala, 2011; Fortuna, Harwood, Kizilkaya, & Paul, 
2003).  
This research therefore took a simplified approach using literature to estimate carbon 
emissions to air and to soil organic material through application of organic 
amendments (composts and poultry litter). Carbon dioxide emissions from poultry 
litter and composts applied at the farms were estimated from the quantities farmers 
stated and from literature (Cabrera, Chiang, Merka, Pancorbo, & Thompson, 1994; 
Lim et al., 2012). Sequestration into soil carbon pools was informed by a range of 
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literature including Franzluebbers (2005), Sainju, Senwo, Nyakatawa, Tazisong, and 
Reddy (2008) and Sanderman, Farquharson, and Baldock (2010). Including 
sequestration requires a range of assumptions such as soils not being at a saturated 
rate of soil organic carbon, persistence in the environment is unknown, only an 
average annual sequestration estimate is included, and any contribution from tillage 
practices is not considered. Overall, the impact of including carbon emissions to air 
and to soil organic material through application of organic amendments was minor: 
Paper 1 reported that global warming potential (CO2-e) results were sensitive to the 
use of synthetic nitrogen fertiliser as a replacement for poultry litter, with synthetic 
nitrogen increasing impact by approximately 10 percent. More detailed research 
would be needed to improve accuracy on estimates and to determine the value for 
mitigation that organic amendments offer. 
Other emissions estimated included phosphate, sulfate and volatile organic carbon 
emissions. Modelling of phosphate emissions (leachate and runoff) used the average 
emission derived from empirical studies conducted on inorganic and biological 
fertiliser treatments in literature (Esteller, Martínez-Valdés, Garrido, & Uribe, 2009; 
Takalson & Mikkelson, 2004; Wortmann & Walters, 2006, 2007). No difference 
between inorganic and organic fertiliser sources of phosphorus were considered, 
which is a simplified approach but supported by literature (Tarkalson & Mikkelson, 
2004). Sulfate emissions, in hindsight, were not useful to include in the inventory as 
they are not included in any environmental mechanisms of the ReCiPe method 
(Goedkoop et al., 2009). Volatile organic carbon emissions were estimated using the 
tier 1 method of the European Environment Agency (2009); however, similar to 
sulfates the emissions of volatile organic carbon are not included in the 
environmental mechanisms for the impact categories reported on in Paper 2. 
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4.1.6 Impact assessment and network diagrams 
The preceding section on life cycle inventory elaborated on process inputs and 
outputs used in the horticultural system and how these were modelled in SimaPro®. 
Calculating environmental impact for the lettuce farms was the next step in the life 
cycle assessment process and this impact assessment was performed using the 
default methods in SimaPro® as described in Section 3.3. Significant results of the 
impact assessments are discussed in the four published research papers, specifically 
Paper 1, and are not repeated here. Instead, this section presents diagrammatic 
examples of selected environmental impacts at particular lettuce farms using the 
network diagrams feature in SimaPro® (Figure 4-1), which show the connectivity of 
the inventory and how the selected environmental impact is calculated through 
multiple levels within the interconnected series of processes. Showing the 
connectivity diagrammatically may assist the reader to visualise how the software 
transforms the life cycle inventory into a series of connected processes and related 
impacts. 
Each box on the network diagram corresponds to a unit process from the modelled 
inventory in SimaPro®. Inside each box are four items of interest which, starting 
from the top, includes the quantity per functional unit, the description of the unit 
process, the quantity of impact indicator, and unit of the selected environmental 
impact. To the right hand side within each box is a bar chart which represents 
contribution of the process (all upstream processes included) to the total 
environmental impact. The thickness of arrows connecting each process is a further 
visual indicator of impact contribution. 
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The number of unit processes that appear on a network diagram is dictated by the 
node cut-off function in SimaPro®, which allows the user to nominate a percentage 
contribution to impact below which a process will not display on the network. (Note 
that this node cut-off function is not the same as the threshold discussed in 
Section 3.3 where inventory below a certain amount may be excluded from a life 
cycle assessment.) Using the node cut-off function does not affect the inclusion of a 
process in the impact calculation, it only changes what processes are displayed; for 
example, in Figure 4-1(a) a node cut-off of three percent was selected, whereas 
without a node cut-off SimaPro® would have attempted to display 11,437 
contributing upstream processes. As stated earlier, the network process diagram 
examples may assist understanding how the software transforms the life cycle 
inventory into a series of connected processes and related impacts. 
This concludes Section 4.1, which expanded on the data used to model the 
horticultural system, including why lettuce was selected as the representative fresh 
food grown in peri-urban regions of Sydney, the reasons for choosing Victoria as an 
alternative growing location, data collection methods, and data used for the life cycle 
inventory. Next, Section 4.2 describes the data collection and inventory for the 
housing system. 
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Figure 4-1(a). Network diagram for the CO2-e emissions for field lettuce from Lettuce Farm 1 delivered to the Sydney market (node cut-off three percent and 
using the ReCiPe [Goedkoop et al., 2009] hierarchist method) 
Note: the units “CO2 eq” print by default from software and is interchangeable with CO2-e. Inconsistent capitalisation and subscripts is an archetype of 
SimaPro® database.) 
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Figure 4-1(b). Network diagram showing the percentage contribution to freshwater eutrophication for 
Lettuce Farm 5 (high technology greenhouse) delivered to the Sydney market. Solar photovoltaic to replace 
mains electricity is used (node cut-off eight percent and using the ReCiPe [Goedkoop et al., 2009] 
hierarchist method). 
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4.2 The housing system 
The system boundary from Paper 1 was expanded in Paper 2 to include housing, so 
that the environmental consequences of the decision to displace peri-urban fresh 
food production with housing could be examined. A range of hypothetical land use 
scenarios were developed in Paper 2 which illustrated the principle of environmental 
accounting for both horticultural change and housing development at the peri-urban 
interface; hence, it was necessary to establish new life cycle inventory for housing so 
that a range of regionally relevant environmental impacts could be compared for 
these integrated scenarios, in which equivalent populations required food and 
housing. 
This section expands on the data used to model the housing system, including why 
new housing in greenfield areas and infill housing in existing suburban centres were 
selected as the representative housing types for Sydney, and data collection for the 
life cycle inventory for each of these two housing types. Much of this information is 
already found in Paper 2 and so the purpose here is to augment, not restate, 
information that has already been provided. 
4.2.1 Choice of housing types 
Paper 1 illustrated that for a fresh perishable vegetable product such as lettuce, 
comparable or improved environmental performance occurred across a range of 
indicators at peri-urban commercial farms as opposed to a larger interstate farm. 
Options for developed and growing cities to mitigate environmental impacts could 
therefore encourage patterns of urbanisation that permit retained peri-urban 
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horticultural production, such as patterns that include more infill housing compared 
to housing in greenfield areas, therefore enabling retention of peri-urban land for 
markets such as horticultural crop production (among others, e.g. ecosystem 
services). The choice of housing to be modelled consequently included the two 
disparate housing types of new housing in greenfield areas (and fresh food 
production displacement) and infill apartment-style medium-density housing in 
existing suburban centres (with retained fresh food production). Choosing two very 
different housing types facilitated contrast between the land use scenarios. 
The two different housing types were plausible alternatives with relevance to the 
Sydney region. Detached single-storey dwellings on large scale lots in suburban 
areas have been an Australian norm for many years, supported by the use of the 
automobile for commuting. More recently, alternative urban development strategies, 
including consolidation through infill and apartment development, have been 
emerging for economic and environmental reasons (Tomlinson, 2012). 
4.2.2 Data collection 
Modelling new housing in greenfield areas and infill apartment-style medium-
density housing in existing suburban centres required material inputs and outputs to 
be quantified for the life cycle inventory for construction, household operational 
energy, transportation and water use. Obtaining foreground life cycle inventory for 
the construction was more challenging for the models of housing, due to commercial 
organisations involved with construction and development unwilling to share 
inventory data. Organisations or bodies that were subsequently contacted to address 
the need for inventory but unable to provide data included: the Australian Housing 
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and Urban Research Institute; the National Housing Supply Council; education 
institutions with specialisation in life cycle assessment and the built environment 
(e.g. University of South Australia and Royal Melbourne Institute of Technology); 
quantity surveyors; and within Western Sydney University the then Urban Research 
Centre and the School of Computing, Engineering and Mathematics (with resident 
quantity surveyors). Several of the aforementioned sources indicated that 
information requested was difficult to find from literature, with limited studies 
conducted in Australia and elsewhere (V. Tam, personal communication, March 23, 
2012). Similarly, other researchers performing Australian life cycle assessment 
studies in the built environment pointed to an absence of average inventories for 
materials in residential areas (S. Pullen, personal communication, March 26, 2012). 
During his research on pre- and post-1979 housing, material quantities required 
building from scratch and due to differences in housing types this information was 
not transferable to this project (Pullen, 2008). Employing a quantity surveyor for this 
research proved cost prohibitive within the funding allocated. 
Literature sources with comprehensive bills of materials were therefore used for life 
cycle inventory of housing construction as described in Paper 2. A recommendation 
for further research could be to obtain detailed bills of materials for housing types in 
order to improve accuracy; however, sensitivity testing examples to assess 
uncertainties in the construction inventory, given in Section 4.5, show that results are 
not sensitive to altering construction inventories by ±25 percent. Little if any change 
to the environmental impact trends observed would be expected using foreground 
data for construction inventories. 
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Similarly, literature was used for estimates of persons living in each housing type, 
household operational energy, household travel kilometres and transportation mode, 
water use and grid energy mix (Paper 2). The number of persons per household, 
transport kilometres and household operational energy were each sourced from the 
same geographical area and from organisations considered to have relatively robust 
data (ABS, NSW Bureau of Transport Statistics and Australian Energy Regulator). 
Persons per household were determined from population and housing community 
census data, spatially specific to locations of new housing in greenfield areas and 
infill apartment-style medium-density housing in existing suburban centres. Three 
persons per detached house were indicated for locations where greenfield 
development has been occurring in north-western and south-western Sydney, and 
two persons per apartment, four storeys and higher, in the inner west of Sydney 
(Australian Bureau of Statistics, 2011). Household transport kilometres, for the same 
spatially specific locations, were obtained from household travel distance per 
average weekday and by mode (vehicle, train, bus) published in the Household 
Travel Survey (New South Wales Bureau of Transport Statistics, 2014). Household 
operational energy, including heating and cooling but not areas of community title, 
was determined based on the same regions (postcodes) as above, using data from the 
Australian Energy Regulator (undated). 
Some level of under- or over-estimation due to the averaging of these types of data 
from the combination of housing types co-existing in each geographical area will 
necessarily occur but trends in environmental impact would remain. Conducting 
household surveys for people living within each specific housing type and 
geographical region would be a possibility for further research to avoid averaging of 
data within the respective region. 
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4.2.3 Life cycle inventory 
The inventory data to be used to model the housing types were extracted from 
literature, as indicated above, using the unit processes in the default databases 
(described in Section 3.3) found within SimaPro®. Cross-checking of data between 
the two housing types, or completeness checking, was performed to ensure 
equivalent types of inventory were present, thereby ensuring differences in impacts 
were not attributable to missing or extra data. 
Types of inventory present for construction of each housing type included 
substructure (e.g. concrete), walls and masonry, windows, waterproofing, joinery, 
sanitary fittings, ceramics, pipes, electrical, paint and floor coverings. Table 4-8 
summarises the unit processes used within the SimaPro® for the construction 
inventory for each housing type. Differences in the specific unit processes used in 
the inventory necessarily occurred due to the different literature sources used; for 
example, the bill of quantities for the apartments listed doors, whereas for the house 
the doors are included under wood. Sensitivity analysis, as commented above, 
showed that the scenarios reported in Paper 2 were not sensitive to ±25 percent 
changes in inventory, hence, the research did not focus further on improving the 
accuracy of the construction inventory. 
The construction inventory was then used as a unit process input to the housing 
models, where the models also included household operational energy, water use, 
and travel kilometres presented on an annualised basis. Values used for household 
operational energy, water use and travel kilometres within each housing model were 
derived from literature sources referenced in Paper 2 and are summarised in Table 4-
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9. A life cycle inventory example for housing in a greenfield location, including 
household operation and transportation energy is given in Table 4-10. 
Table 4-8. Unit processes used for the life cycle inventory in SimaPro® for 
construction of housing types (house in a greenfield location and apartment in 
infill location). 
Unit process description Unit Where used 
Known inputs from technosphere (materials/fuels) 
Acrylonitrile butadiene styrene plastic kg House 
Brick kg House and apartment 
Cement kg House and apartment 
Ceramics, sanitary kg House and apartment 
Ceramics, tile kg House and apartment 
Concrete roof tile, sarking kg House 
Concrete kg House and apartment 
Concrete, lightweight blocks kg Apartment 
Copper kg House and apartment 
Doors m2 Apartment 
Fibre cement slab kg House 
Flat glass kg House and apartment 
Glass wool mat kg House and apartment 
Gravel, sand kg House 
Gypsum plasterboard kg House and apartment 
Nylon kg House and apartment 
Paint, oil based kg House and apartment 
Paint, water based kg House and apartment 
Particle board, for indoor use m3 House 
Polyethylene kg House and apartment 
Polystyrene kg House 
Polyurethane kg Apartment 
Polyvinyl chloride pipe m House and apartment 
Polyvinyl chloride, plasticised for flooring kg Apartment 
Sawn hardwood kg House and apartment 
Sawn softwood m3 House and apartment 
Steel, structural kg House and apartment 
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Table 4-9. Parameters used for household operational energy, water use and 
transportation. 
Parameter Housing in greenfield area 
Apartment in 
existing suburban 
location 
Persons per hectare1. 42 – 
Persons per house2. 3 2  
Houses or apartments (for equivalent 
population) per hectare1. 
14 21 
Operational energy, kWh3. 7,764 5,307 
Transport kilometres by car4. 19,032 5,642 
Transport kilometres by bus4. 1,025 916 
Transport kilometres by train4. 2,701 1,178 
Water use, l5. 4.3E+06 3.1E+06 
1. Adapted from Crawford (2011) in Rothwell, Ridoutt, Page, and Bellotti (2015). 
2. Australian Bureau of Statistics (2011). 
3. Australian Energy Regulator (2014). 
4. NSW Bureau of Transport Statistics (2014). 
5. Independent Pricing and Regulatory Tribunal (2004). 
 
Table 4-10. Life cycle inventory example for housing in a greenfield location, 
including household operation and transportation energy. 
Unit process description 
Quantity, 
per hectare 
per annum 
Units 
Known inputs from nature (resources) 
Occupation, urban 10,000 m2a 
Known inputs from technosphere (materials/fuels) 
Water, drinking 4.26E+06 l 
Transport, passenger car with internal combustion 
engine 2.66E+05 km 
Transport, regular bus  1.44E+04 personkm 
Transport, passenger train 3.78E+04 personkm 
House construction over 50-year lifetime 0.28 eaches 
Known inputs from technosphere (electricity/heat) 
Electricity 1.09E+05 kWh 
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Lifetimes 
Inventory is required to be modelled on an annual basis as results are presented per 
annum; hence, housing construction inventory required amortisation over its 
assumed lifetime in order to produce data relevant for a one-year period. For this 
research a 50-year lifetime was used, over which construction inventory was evenly 
distributed. The total lifetime of a house, as reported in building life cycle 
assessments, typically falls within the vicinity of 30 to 50 years, while periods of 
100 years would need to consider significant renovation activity in the inventory 
(Ghattas, Gregory, Olivetti, & Greene, 2013). 
4.2.4 Impact assessment and network diagrams 
The earlier section on life cycle inventory elaborated on process inputs and outputs 
used in the two housing types and how these were modelled in SimaPro®. Examples 
of selected environmental impacts using network diagrams are illustrated in this 
section to provide a pictorial representation of the inventory and give the reader an 
idea of construction environmental hotspots. As in Section 4.1.6, the network 
process diagram examples may assist in understanding how the software transforms 
the life cycle inventory into a series of connected processes and related impacts. 
Significant results of the impact assessments for the land use scenarios are discussed 
in Paper 2 and are not repeated here. 
This concludes Section 4.2, which expanded on the data used to model the housing 
system, including data collection methods, and data used for the life cycle inventory. 
Next, Section 4.3 describes the inventory for afforestation. 
CHAPTER 4  DATA HANDLING 
93 
 
Figure 4-2(a). Network diagram example for the CO2-e emissions for a house in a greenfield 
area (node cut-off eight percent and using ReCiPe [Goedkoop et al., 2009] hierarchist 
method).   
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Figure 4-2(b). Network diagram example for the CO2-e emissions for one apartment in an 
infill area (node cut-off eight percent and using ReCiPe [Goedkoop et al., 2009] hierarchist 
method). 
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4.3 Afforestation as a peri-urban land use 
Afforestation of cropland is a peri-urban land use change option offering a long-term 
GHG emissions abatement strategy, reportedly with high mitigation potential in 
temperate regions (Czimczik, Mund, Schulze, & Wirth, 2005) such as Sydney. 
Urban afforestation is of further significance as a peri-urban land use for 
consideration in the Sydney region as it could support habitat restoration. Habitat 
restoration of the region’s characteristic forest type, Cumberland Plain Woodland, is 
important as it has been listed as a critically endangered ecological community under 
the Threatened Species Conservation Act 1995 (Major, 2011). Using a reference 
ecosystem such as Cumberland Plain Woodland to guide habitat restoration means 
planting a variety of species rather than a monoculture, which can create benefits for 
soil carbon and above-ground biomass carbon sequestration (Standish & Hulvey, 
2014).  
4.3.1 Life cycle inventory for afforestation 
Modelling carbon stock in a regenerating forest requires an annual sequestration rate 
for above-ground biomass and soil organic carbon; however, the sequestration rates 
of Cumberland Plain Woodland were not available in literature or current research 
(P. Cuneo, personal communication, March 13, 2014), and literature reports that 
urban soil and vegetation carbon stocks remain poorly characterised (Edmondson, 
Davies, McHugh, Gaston, & Leake, 2012). Life cycle inventory for afforestation 
therefore required estimating from available literature to produce carbon 
sequestration rates for biomass and soil within the vicinity of data reported for 
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Australian and eucalypt conditions and calculated per area of land available for 
afforestation. 
Values used for the biomass carbon (C) sequestration rate were stated in Paper 2, as 
3 t C ha-1yr-1 for biomass and 0.1 t C ha-1yr-1 for soil C, placing them in a similar 
range to data reported for similar Australian conditions. Examples in literature have 
estimated a carbon carrying capacity of 341 to 386 t C ha-1 for the above-ground 
biomass of mature east coast Australian temperate forest, which was less than values 
for old growth eucalypt forests but slightly higher than reported figures for eastern 
USA forests (Roxburgh, Wood, Mackey, Woldendorp, & Gibbons, 2006). Assuming 
a recovery period for a forest in the vicinity of 100 to 150 years is required to attain 
maximum carbon carrying capacity, an annual carbon sequestration rate of 2.4 to 
3.6 t C ha-1yr-1 would apply, falling between estimates for sequestration in plantation 
timber in the Gympie region, Queensland, of 31.8 t CO2-e (8.7 t C) ha-1yr-1 and that 
reported for the dryer Arcadia valley of 3.0 t CO2-e (0.8 t C) ha-1yr-1 (Eady, Viner, & 
MacDonnell, 2011). Liu and Li (2012) determined similar annual sequestration rates 
(2.8 t C ha-1yr-1) in urban forests, albeit in Shenyang, China. 
Accumulation of carbon in the soil fraction is reported in literature as less 
pronounced than biomass carbon accumulation in a regenerating forest (Richter, 
Markewitz, Trumbore, & Wells, 1999). Reported rates of accumulation after 
conversion from agricultural land range between 0.1 t C ha-1yr-1 for eucalyptus to 
0.95 t C ha-1yr-1 in a pine forest (Paul et al. in Czimczik et al., 2005; Richter et al., 
1999; Ulery as cited in Post & Kwon, 2000). 
The rates of 3 t C ha-1yr-1 for biomass and 0.1 t C ha-1yr-1 for soil C stated, as used in 
Paper 2, were within the vicinity of data reported for Australian and eucalypt 
CHAPTER 4  DATA HANDLING 
97 
conditions and were therefore used in the life cycle inventory to model afforestation 
on land spared through use of high technology food production, calculated per 
hectare of land spared. 
Sections 4.1 to 4.3 have expanded on data collection and life cycle inventory for 
lettuce production, housing and afforestation, providing the reader with contextual 
detail that may have particular relevance if new to life cycle assessment. The 
subsequent stages in the research do not receive the same level of scrutiny within this 
overarching statement for three main reasons: firstly, these subsequent stages of 
research draw on the foundations laid above; secondly, where new information is 
introduced to the research, for example the direct and indirect land use change 
inventory of Paper 3, it has been clearly explicated in the relevant paper; and thirdly, 
the overarching statement is an introduction to the assessable work, making 
reference to the four scholarly research papers, but is not a reprise of information 
already stated. 
4.4 Combining inventory in scenarios of land use 
The next stage after establishing life cycle inventories was to prepare scenarios of 
land use, using combinations of lettuce production (using traditional field or 
greenhousing), housing (in greenfield and infill locations) and afforestation, then 
modelling these combinations in SimaPro®. Paper 2 describes the contemporary 
scenarios (specifically Table 2) for a functional unit of one hectare of peri-urban land 
and discusses their environmental impact trends. Described in Paper 2, each scenario 
was able to house an equivalent residential population while delivering equal 
quantities of fresh food to Sydney’s central fruit and vegetable market. 
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Compensation for displaced peri-urban horticultural production from more remote 
locations was included and the possibility of afforestation on peri-urban land spared 
through use of high technology farming systems was considered. 
Expanding the system boundary scenarios from Paper 2, the GHG emissions for both 
the direct and indirect land use change were estimated for Paper 3. Inventory 
representing the direct land use change, including services infrastructure, earth and 
civil works, and associate soil organic carbon changes, to prepare horticultural land 
for housing and quantities, are detailed in Paper 3, Table 1. Indirect land use change 
due to displaced crop production inducing land use change elsewhere was compared 
using several published methods, each of which were described in Paper 3. 
Paper 4 leveraged models and data from the former three papers to evaluate potential 
future GHG emissions implications of feeding and housing a growing urban 
population in Sydney, Australia. A peri-urban field farm typology was developed 
from Paper 1, housing systems from Paper 2 and consequent direct and indirect land 
use change parameters from Paper 3. Data generation for the life cycle inventory at 
each time horizon involved a significant amount of collation from available literature 
sources to ensure that data remained plausible under future, long-term scenarios. 
Considerable detail on the data and assumptions used is provided in Paper 4. 
Each scenario in Paper 4 was required to house the respective future population with 
consequent determination of area of peri-urban agricultural land displaced by 
housing. Fresh food production from more remote locations was required to supply 
the city market at equivalent quantities to that displaced. The four scenarios in Paper 
4 are considered exploratory as any number of possible futures exist and may assist 
understanding of future uncertainty by describing and analysing possible alternative 
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futures given a set of climate, socio-economic and technology assumptions. Using 
life cycle assessment within the scenarios provided a comparative approach, 
evaluating trends on preferred environmental performance. 
Supporting each scenario was a qualitative narrative (Paper 4, Table 1), 
representative of how housing and agricultural development may occur in a 
developed city. Explanatory variables representing key differences between 
narratives were identified (Paper 4, Table 2) and quantified (Paper 4, Table 3). 
Central to the analysis from the housing perspective were variables such as housing 
form, transportation mode, technology, temperature trajectory, fuel and energy mix. 
Central to the analysis from the agricultural perspective were the quantity of food 
displaced that would require replacement to feed the local city market, climatic 
conditions, yield, farm inputs, technology, transportation, fuel and energy mix. 
Changes in explanatory variables were applied to life cycle inventory for each of the 
four scenarios at time horizons 2050 and 2100 in order that GHG impact could be 
compared.  
Relevant for this overarching statement is some elaboration on (a) inventory for 
electricity at the future time horizons, because the dominant hotspot for GHG 
emissions across all scenarios and time horizons was the use of coal and natural gas 
in electricity mixes, and (b) handling of inventory for liquid fuels, as household 
transportation was also reported as a hotspot. 
An example of electricity inventory is shown in Table 4-11 for the low-emissions 
scenario at year 2100, reflecting the proportions stated in Paper 4 for primary energy 
mix containing coal:gas:nuclear:biomass:renewable electricity of 15:35:15:15:20 and 
the emissions offset through carbon capture and storage technology. Carbon capture 
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and storage technology in this scenario and time horizon was applied, per variables 
stated in Paper 4, to emissions from fossil and biomass sources at 90 percent 
adoption rate and 90 percent efficiency of CO2 removal. The example in Table 4-11 
states that a negative amount of –0.284 kg CO2-e per kWh is produced through use of 
carbon capture and storage technology. The amount of CO2-e offset was calculated 
firstly by calculating in SimaPro® the total emissions per kWh from fossil (coal, 
gas) and biomass sources at the respective year, which was 0.350 kg CO2-e per kWh, 
then multiplying this value by the adoption rate (90 percent) and efficiency 
(90 percent) to produce the value of –0.284 kg CO2-e per kWh (this does not account 
for carbon capture and storage infrastructure; constraints on commercialisation of the 
technology for coal-based electricity were highlighted in Paper 4). 
Table 4-11. Example of electricity inventory for the output of 1 kWh, for low-
emissions scenario in the year 2100. 
Parameter Per kWh 
Known inputs from technosphere (electricity/heat) 
Australian coal-based power average electricity mix, high-
voltage 
0.15 
Electricity, natural gas, at power plant 0.35 
Electricity, high-voltage ethanol production from sweet 
sorghum 
0.15 
Electricity, production mix photovoltaic, at plant 0.1 
Electricity, high-voltage electricity production, wind, 
>3 MW turbine, onshore 
0.1 
Electricity, high-voltage electricity production, nuclear, 
pressure water reactor 
0.15 
Emissions to air 
Carbon dioxide –0.284 kg 
 
CHAPTER 4  DATA HANDLING 
101 
Changes to inventory were also made, as described in Paper 4, to adjust for the 
temporally relevant electricity mix where electricity (unadjusted) would otherwise 
make a contribution to GHG impact in excess of one percent, with the example 
provided of potable water. Other inventory items adjusted for temporal relevance due 
to upstream electricity contribution in excess of one percent to GHG emissions 
included transportation by train, electric bus and electric car. 
Inventory for car and bus transport using liquid fuels (internal combustion engines or 
hybrid electric) also required adjusting at the relevant time horizon for the 
percentage of fossil fuel efficiency gain and alternative liquid fuels nominated in 
Table 3 of Paper 4. To establish the inventory for the relevant time horizon, the 
baseline fuel amount per kilometre travelled (using the existing unit process from the 
background database) was modified by (a) the percentage of alternative fuel, (b) the 
alternative fuel’s energy relative to petrol, and (c) the percentage of fossil fuel 
efficiency gain for the time horizon. 
4.5 Sensitivity testing 
Sensitivity analysis is a life cycle assessment procedure designed to challenge 
assumptions made about data that may affect the final results. Results obtained using 
the default set of assumptions, data and methods are compared to results obtained 
when certain key assumptions, data or methods are altered (ISO, 2006b). Typically, 
only the most significant issues are checked in sensitivity analysis, and data varied 
within a certain range: a guideline of ±25 percent is given in standards (ISO, 2006b). 
The resulting sensitivity is then expressed as the percentage change in the results so 
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that identification of important changes in results can be achieved: a guideline of 
greater than a 10 percent change in results is said to be sensitive (ISO, 2006b). 
Papers 1 and 2 describe different types of sensitivity testing performed; for example, 
influencing the decision to test a variety of life cycle inventory pertaining to 
agrochemicals in Paper 1 was the uncertain consensus on fate pathways for 
agrochemicals, manures and composts. Sensitivity to renewable energy technologies 
was performed in both Papers 1 and 2 to evaluate possible options to reduce GHG 
emissions. Further examples of sensitivity testing are provided in Table 4-12 and 
Figure 4-3 to illustrate the concept. Table 4-12 shows that housing models were not 
sensitive to changes in construction inventory, and changes to kilometres of car 
travel made by a household in a greenfield location may impact one or more 
environmental impact categories; however, the environmental impact trends between 
scenarios remain consistent. Figure 4-3 shows how a range of environmental impact 
indicators changed (in addition to the GHG impact described in Paper 2) when the 
20 percent renewable energy target described in Paper 2 was applied. 
For Papers 3 and 4, specific sensitivity was not performed as uncertainty was 
illustrated in other ways. In Paper 3, for example, a range of indirect land use change 
models from literature were compared to highlight how differences in methods 
produced correspondingly different results; while in Paper 4, parameters were varied 
between scenarios providing a range of altered assumptions. 
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Figure 4-3. The percentage change in selected environmental impact indicators 
before and after the 20 percent renewable energy target described in Paper 2 was 
applied. 
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Table 4-12. Examples of sensitivity testing on a range of altered assumptions. 
Item Base case Altered assumption Impact Deviation, 
% 
Conclusion, 
Sensitive (S), 
Not sensitive 
(N) 
Greenfield housing model, 
construction inventory at 75 percent 
14 houses per hectare 10.5 house per hectare kg CO2 e 
kg P e 
kg PM10 e 
2 
3 
3 
N 
N 
N 
Infill housing model, construction 
inventory at 125 percent 
21 units per hectare 26 units per hectare kg CO2 e 
kg NMVOC 
kg 1,4-DB e 
2 
3 
1 
N 
N 
N 
Greenfield housing model, car 
kilometres at 75 percent 
2.7E+05 kilometres 2.0E+05 kilometres kg CO2 e 
kg PM10 e 
kg 1,4-DB e 
10 
8 
11 
N 
N 
S 
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4.6 Market elasticity and rebound effects 
Use of economic models to assess any effects of policy on markets or to evaluate 
substitutable goods was considered out of scope. The lettuce market was considered 
to be inelastic within this research project, meaning that the supply of lettuce was 
unaffected with any displacement of production from peri-urban Sydney. 
Assumptions included that consumers’ buying habits were considered unchanged, 
potential displacement of lettuce production from within the Sydney region was not 
the direct result of any distinct policy, and lettuce was a dietary staple. 
Out of scope were also environmental rebound effects, which might include 
increased efficiency of production and reduced cost to the consumer by moving 
lettuce production to another location. The flow-on effect in this example could be 
that consumers purchase more lettuce, thereby creating more environmental impacts 
associated with the displacement. 
Further research with detailed economic models would be required to analyse 
elasticity or environmental rebound effects and to perform consequential modelling. 
Consequential modelling could assist understanding of whether other fresh vegetable 
types or alternative production technologies may replace current dominant vegetable 
types and evaluate environmental impacts of these market effects. The scope of 
analysis required for such research was too broad to include within the time 
requirements of this doctorate. 
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Chapter 5: Potential Mitigative Climate Action at the 
Peri-Urban Interface 
In order to render the study constructive in terms of a range of potential interventive 
actions, the role of the research in climate mitigation strategies is discussed in this 
chapter. Chapter 1 described how decisions on peri-urban land use made now should 
have a foundation in their capacity to support an increasingly uncertain future by 
reducing future adverse environmental and climate impacts. This chapter discusses 
how the scenarios of peri-urban land use change transpired and the relevance of 
findings from the papers for mitigation. An aim of the study is to increase 
effectiveness of mitigation through informing policy determination and illustrating 
intervention strategies. Communication of ideas have so far been transmitted to 
policy makers by sending copies of the publications to target communities of 
practice and political leaders, and through citation of articles. 
Climate action can take the form of mitigation and/or adaptation. Mitigation refers to 
anthropogenic strategies undertaken to reduce levels of greenhouse gases released to, 
or resident in, the atmosphere. Adaptation refers to actions taken within human and 
natural systems to minimise harm and exploit opportunities that may present due to a 
changing climate (Agard et al., 2014). In this project the focus was on mitigation. 
(An assessment of complementary or conflicting adaptive strategies is out of scope.) 
Mitigative action is desirable to minimise effects of climate change and its potential 
future impact on food production. Current international and Australian efforts to 
mitigate climate change are insufficient to maintain global warming to below two 
degrees Celsius above pre-industrial levels, and a “business-as-usual” approach will 
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cause dramatic increases in global emissions levels. As a consequence, additional 
emissions reduction efforts are required (IPCC, 2014; UNEP, 2014). 
The combined emissions impacts from urban areas, land use change and agricultural 
production mean that at the intersection of urban development and horticultural 
production the opportunity for mitigative climate action is vast. Urban areas are 
responsible for an estimated 40 percent of global anthropogenic emissions on a 
production basis and 60 to 70 percent on a consumptive basis, with 50 to 150 percent 
increases in building-related emissions predicted by mid-century as urban 
populations expand (IPCC, 2014; Walraven, as cited in United Nations Human 
Settlements Programme, 2011). A further 24 percent contribution to global 
anthropogenic emissions is attributed to the agriculture, forestry and land use 
economic sector; hence, feeding and housing urban populations at lower relative 
emissions impacts should be an urban planning priority. 
Furthermore, enlargement of urban areas and the consequent direct changes in land 
use may augment environmental burdens in other sectors, including the agricultural 
sector; for example, when housing is allowed to extend onto peri-urban cropland, 
displacing food production to more remote locations (Low Choy & Buxton, 2013). 
Environmental studies that analyse the continued provision of fresh perishable food 
following displacement of peri-urban agriculture are sparse; hence, comprehensive 
approaches as used in this research are needed to evaluate these cross-sectoral 
environmental consequences. 
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5.1 Mitigative action through local fresh food 
Retention of peri-urban horticultural land may be a strategy that supports climate 
change mitigation while improving urban resilience to changing climate conditions 
(Polasky et al., 2011). Building resilience is one way of managing uncertainty and 
the need for resilience is emphasised to mitigate substantial risks to agriculture 
foreseen with anticipated changes to climatic patterns (Environment and Sustainable 
Development Directorate, 2012). However, food security within Australia has been 
described as complacent (Burton, 2013), and food supply chains have shown 
themselves to be more fragile than previously thought and uncertain in the face of 
climate change (Burton et al., 2013). Supply chains, for example, are carrying less 
than 30 days of non-perishable food and only three to five days of perishable food at 
any one time, so when floods cut food supplies from major agricultural areas in 
Queensland in 2011 the city of Brisbane came within one day of running out of 
bread (Hughes, Steffen, Rice, & Pearce, 2015). The fresh food producing capacity of 
peri-urban regions may enhance resilience to climate change and the challenges it 
presents to food supply chains, and provide opportunities for mitigation. 
Claims on the benefits of locally produced fresh food may, however, be made 
without consideration of empirical data or consistent treatment of specificities such 
as produce type, footprinting method, packaging, system boundary or spatial 
dependence. Assertions on the benefits of local fresh food need to focus on a 
complete assessment of GHG emissions over the entire product life cycle using data 
specific to product and supply chain (see Paper 1). Particular to Sydney, Australia, 
there is little quantified evidence on GHG emissions (or other environmental 
impacts) to inform the local food debate: little spatially relevant environmental 
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impact data exist where fresh food production in the Sydney region is compared to 
more remote production. As such, the environmental performance of fresh local food 
produced in the Sydney region remains open to debate and under-explored. 
Paper 1 contributed to the debate surrounding local fresh food production in a 
developed city and its capacity to create climate-resilient pathways within food 
supply chains. A spectrum of regionally relevant environmental indicators was 
compared for lettuce production, contrasting local peri-urban commercial production 
in Sydney with de-localised Victorian production. Environmental impacts were 
calculated for lettuce transported to the same city (Sydney) market, rather than 
examining the farms from cradle to farm gate only. Irrespective of production 
location, food needs to be supplied to the same market; hence, supply chain 
environmental impacts were compared in addition to on-farm impacts. In addition to 
traditional field lettuce production other growing technologies, such as 
greenhousing, were contrasted. Comparing growing technologies and locations 
provided part of the answer to the research question “how do environmental 
impacts at the peri-urban interface compare under different housing and food 
production land use scenarios?” 
The main finding of Paper 1 was new knowledge produced for the Sydney region, 
with international relevance, establishing through empirical evidence that 
environmental benefits to retention of peri-urban food production do exist, at the 
very least for fresh, perishable food such as lettuce. Post-harvest inputs evidentially 
contributed to environmental impacts at considerably different scales for peri-urban 
versus interstate lettuce production: on-farm environmental benefits from producing 
at a larger interstate farm were negated by large supply chain impacts and increased 
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packaging environmental burden. Comparative performance across the spectrum of 
environmental indicators chosen showed high technology greenhouse cropping using 
renewable energy was arguably at least equivalent to peri-urban field production, 
followed by de-localised production networks. Opportunities for climate mitigation 
therefore should investigate food production within the peri-urban environment, and 
methods, such as high technology covered cropping, that may not be the accepted 
norm for the region but that may offer increased potential to capitalise on existing 
and future changes in technology. Paper 1 applied new spatially relevant data to 
produce new findings that contribute to the debate on locally produced peri-urban 
fresh food and its place in a resilient food system with potential for mitigation 
opportunities, and opened the way for further research. 
5.2 Integrating peri-urban land uses related to the housing 
and feeding of growing urban populations 
The findings of Paper 1 opened the way for further research; namely, how peri-urban 
land uses can deliver both fresh food and housing at lower relative environmental 
impacts. Exploring the integration of peri-urban land uses related to the housing and 
feeding of growing urban populations had momentum, since Paper 1 showed 
environmental benefits to retained fresh food production in peri-urban regions. Paper 
2 therefore explored scenarios of peri-urban land use where the functions of housing, 
fresh food production and ecological land use were combined. 
Retention of horticulture and fresh food production in peri-urban regions is not an 
urban development norm in Australia, as exemplified through the metropolitan plan 
for Sydney, which actively pursues rezoning of peri-urban land (including 
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horticultural land) to suit housing development in new, greenfield areas. Specifically, 
actions 2.4.1 and 2.4.2 of the metropolitan plan discuss the continued rezoning of 
land in growth centres and identification of new locations to maintain a supply of 
greenfield sites for development (NSW Planning and Environment, 2014). Peri-
urban regions are seen as land in waiting for urban development, missing potential 
mitigation opportunities through mono-functional conversion to housing and lack of 
integration with other potential peri-urban land uses. Integration of food production 
into comprehensive urban planning is lacking (Berners-Lee et al., 2013; Budge & 
Slade, 2009; Burton et al., 2013; Darly, 2012; Food and Agriculture Organization of 
the United Nations, 2017), and inattention, specifically to commercial peri-urban 
agriculture in urban planning, is cited throughout international literature (American 
Planning Association, 2007; Lovell, 2010; Pires & Burton, 2013; Russo, Tomaselli, 
& Pappalardo, 2014; van der Schans & Wiskerke, 2012; Zasada, 2011). Assessing 
environmental impacts and potential for climate mitigation by including fresh food 
and housing in scenarios of peri-urban land use, as done in this research, may 
produce new knowledge that challenges peri-urban development norms in Australia 
and with international relevance.  
Further reasons for urban planning approaches to consider fresh food production 
displacement in decisions pertaining to peri-urban land use include: (a) the necessity 
to continue to supply fresh food to local retail markets through longer and potentially 
less resilient supply chains; and (b) the need to supply increasing amounts of fresh 
food to service growing urban populations. It is estimated that by the year 2061, 
domestic demand for food may be 90 percent higher than demand in the year 2000 
(Hughes et al., 2015) and peri-urban production may provide essential contributions 
to this increased demand. Comprehensive environmental assessment of any decision 
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to urbanise peri-urban horticultural lands requires system expansion to include the 
impact of housing combined with affected horticultural systems. 
Comprehensive environmental assessment of peri-urban land use change could 
assess land use scenarios that incorporate several functions such as productive and 
ecological land use, rather than limit them merely to the single function of 
conversion to greenfield housing. Few studies of the environmental trade-offs for 
alternative peri-urban land use scenarios have been reported, in which housing, food 
production and co-benefits such as afforestation may be integrated; thus, the extent 
of any difference between such environmental impacts is not clear. To fill this gap, 
Paper 2 presented several scenarios that merged functions of housing, fresh food 
production and afforestation. 
Paper 2 considered that one hectare of existing peri-urban horticultural land could be 
used as either greenfield housing development, with displacement of horticulture to 
an alternative, more remote location; infill housing in existing suburban centres, with 
either retained peri-urban field or high technology greenhouse food production; or a 
mixture of these housing types, with horticultural production and afforestation. The 
inventories for housing and horticulture were combined in the SimaPro® modelling 
as described earlier in Section 4.4 and in Paper 2. 
The main finding in Paper 2 included information for the Sydney region on 
environmental impact trends between alternative peri-urban land use scenarios where 
equivalent populations were both housed and fed. The finding has relevance to other 
developed international cities where expansion of housing in greenfield areas occurs. 
The research question “how do environmental impacts at the peri-urban 
interface compare under different housing and food production land use 
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scenarios?” has a further response. The environmental impact categories of climate 
change, freshwater eutrophication, photochemical oxidant formation, particulate 
matter formation and human toxicity were reduced by 25–43 percent under scenarios 
favouring infill housing development over greenfield (within the constraints and 
assumptions of the modelling conducted). Sparing peri-urban land through infill 
housing development, combined with using high technology food production for 
sustainable food intensification, delivered lower relative environmental impacts 
while enabling “multifunctional” peri-urban land uses of food production, housing 
and afforestation. Urban afforestation on peri-urban land made available by these 
measures reduced the effect of climate change by up to five percent per hectare per 
year. 
The scaffolding approach to the research question (Figure 1-1) expanded the 
horticultural system from Paper 1 to include the impact of housing in Paper 2. 
Paper 1 illustrated environmental benefits to retention of peri-urban commercial food 
production for a fresh, perishable food such as lettuce. Paper 2 reported positive 
trends for retention of peri-urban horticulture with infill housing development and 
showed how afforestation could be attained through land spared using high 
technology food production. Comparison of land use scenarios demonstrated how 
integration of the conflicting needs of housing, food production and ecosystem 
services can occur while delivering improved environmental performance relative to 
the development norm of greenfield housing development. 
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5.3 Emissions impacts from the change in land use activity 
Paper 2 identified trends in environmental impact, specifically GHG emissions, 
dominated by the housing system with large differences between scenarios including 
housing in greenfield areas compared to those with infill housing in existing 
suburban centres. Not included in the scenarios from Paper 2, but necessary to 
consider when peri-urban land use is changed from horticulture to housing in 
greenfield areas, were the emissions impacts resulting from the direct land use 
change such as soil, earthworks and upstream indirect land use change to 
compensate for lost crop production (British Standards Institution, 2011). Upstream 
land use change in other locations (possibly unidentified locations) occurs as 
displaced food still requires production somewhere in order to feed growing urban 
populations. Little empirical evidence, at either local or regional scale, is available 
that examines the GHG emissions impacts of both direct and indirect land use 
change as a consequence of urban development.  
Paper 3 was produced to address this gap in knowledge, expanding the system 
boundary to include the GHG emissions resulting from the consequent direct and 
indirect changes in land use that may result from displacement of the existing land 
use activity (Figure 3-2). The change in land use is only relevant for housing in 
greenfield areas, as opposed to infill housing in existing suburban centres which was 
assumed to cause no change in land use; however, the infill scenario was still useful 
for contrast. Parameters considered as part of the direct land use change for the land 
use change from horticulture to housing included changes in soil organic carbon due 
to impervious surfaces installed; services infrastructure (water, sewer, gas, electricity 
and telecommunications); and earth and civil works required. The direct land use 
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change caused by demand for peri-urban housing may drive horticultural activities to 
more remote locations and induce upstream indirect land use change, as the city 
continues to require provisioning with fresh food. Several models for indirect land 
use change available from literature and characterised by different assumptions were 
compared in Paper 3. No international consensus exists on methodology for 
assessment of GHG emissions resulting from indirect land use change, which is why 
several models were compared. 
The main finding of research as discussed in Paper 3 was that the GHG impacts of 
direct and indirect land use change were each determined to be approximately eight 
percent of total GHG emissions due to a housing development in a greenfield 
location displacing peri-urban horticulture. Contributions to total GHG emissions of 
this magnitude suggest that both direct and indirect land use change have importance 
in land use decision making with respect to peri-urban environments, remembering 
from Section 3.3 that a one percent cut-off threshold for life cycle assessment studies 
is recommended by standards (ISO, 2006b). Developed cities actively pursuing 
climate mitigation strategies should consider and measure emissions resulting from 
the direct and indirect land use change and accept responsibility for accounting for 
emissions that are induced elsewhere as a result of peri-urban land use change, such 
as emissions due to indirect land use change.  
Paper 3 provided new information on the noteworthy contributions that direct and 
indirect land use change make to the GHG emissions of peri-urban land use change 
from horticulture to housing. New information has been added in response to the 
research question “how do environmental impacts at the peri-urban interface 
compare under different housing and food production land use scenarios?” 
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5.4 Mitigative action and alternative future scenarios 
Papers 1, 2 and 3 established that potential environmental benefits to retention of 
peri-urban food production do exist in the present day, at the very least for fresh, 
perishable food such as lettuce. Mitigation efforts and building resilience to climate 
change would therefore imply developing local peri-urban food-producing capacity, 
but such investment would not reflect the historical development norm in a city such 
as Sydney. Present decisions need to avoid infrastructure lock-in risks (such as 
housing form) that may compromise future efforts at mitigation; however, the 
analysis of GHG implications of future urban development combined with impacts 
on peri-urban food production lack scrutiny. Paper 4 informed this research need, 
examining the research question “how do environmental impacts at the peri-
urban interface compare under different housing and food production land use 
scenarios?” at future time horizons. Four future scenarios, at 2050 and 2100 time 
horizons, were thematically downscaled as described earlier from the four 
representative concentration pathways (van Vuuren et al., 2011) to describe 
scenarios of housing and feeding respective future populations. 
The importance of Paper 4 was its exploration of environmental trends resulting 
from alternative peri-urban development pathways in a developed city such as 
Sydney, including compounding environmental effects due to the activities displaced 
by urban demand for land. Application of climate scenarios at city and continental 
scale have occurred (Barredo & Gómez, 2008; Bierwagen et al., 2010; Reginster & 
Rounsevell, 2006; Solecki & Oliveri, 2004; Viguié, Hallegatte, & Rozenberg, 2014; 
Wheeler, Tomuta, Haden, & Jackson, 2014); however, compounding environmental 
effects due to the activities displaced by urban demand for land were not assessed. 
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Neither were the differences in GHG emissions trends between scenarios typically 
explored at future time points. A general scarcity of such information currently 
exists. 
Paper 4 aimed to bridge this hiatus, illustrating how changes in the explanatory 
variables may deliver different future emissions and knowledge on the type of 
interventions that may affect the greatest emissions reductions. Currently, there is 
limited regionally specific long-term assessment on how different variables impact 
peri-urban land use change and associated emissions outcomes for Sydney. 
Exploratory scenarios such as those in Paper 4 may help people conceptualise 
alternative futures and determine preferred courses of action with respect to 
mitigation (Polasky et al., 2011). Possibly, helping people conceptualise alternative 
futures may improve momentum for more detailed and comprehensive strategic 
planning studies. 
Research findings reported in Paper 4 included an estimate of the additional future 
burden of GHG emissions by new residents in Sydney at time horizons 2050 and 
2100. Increases of between 4 and 43 percent above current estimates of 16.5 t CO2-e 
per capita GHG emissions per annum for Australians (World Bank Group, 2015) 
were determined, depending upon scenario. Household energy consumption 
increases of 47 percent were estimated, with increased cooling requirements a 
dominant driver of increased energy usage and GHG emissions. Continued urban 
expansion in peri-urban regions drives indirect land use change, the contribution of 
which under a business-as-usual, high-emissions scenario has the potential to be 
large. Interventions such as carbon capture and storage, and changes in 
transportation mix, fuels and electricity mixes were applied to scenarios in differing 
CHAPTER 5  POTENTIAL MITIGATIVE ACTION 
118 
proportions, meaning that Paper 4 provided some insight into the potential such 
interventions may have for mitigation, within the constraints of the modelling. 
The four research papers have illustrated that differences in peri-urban land use 
approaches to housing and feeding growing urban populations have significance for 
mitigation of emissions. Paper 4 has shown that a business-as-usual approach to 
housing development in greenfield areas in the outer suburban areas of Sydney 
increases exposure to future climate change. Mitigation of climate change at the peri-
urban interface appears to be minimised through avoiding infrastructure lock-in 
risks, such as that of housing development in greenfield areas, and sparing peri-urban 
land for other land use markets such as horticulture and afforestation, as well as 
through the potential to capitalise on future high technology food production. 
Communication of ideas with target communities of practice and political leaders, 
and through citation of articles, may allow for some opportunities for climate 
mitigation to be realised. 
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Chapter 6: The Four Research Papers Presented for the 
Thesis 
This chapter lists the four research papers presented for the award of PhD as a series 
of papers. Appendices A to D contain the published versions of the four papers. 
Appendix E lists additional presentations and papers relevant to the research project 
but that were not included for the award. 
Paper 1: 
Rothwell, A., Ridoutt, B., Page, G., and Bellotti, W. (2016). Environmental 
performance of local food: Trade-offs and implications for climate resilience in a 
developed city. Journal of Cleaner Production, 114, 420-430. doi.org/10.1016/ 
j.jclepro.2015.04.096 
Paper 2: 
Rothwell, A., Ridoutt, B., Page, G., and Bellotti, W. (2015). Feeding and housing the 
urban population: Environmental impacts at the peri-urban interface under different 
land-use scenarios. Land Use Policy, 48, 377-388. doi.org/10.1016/ 
j.landusepol.2015.06.017  
Paper 3: 
Rothwell, A., Ridoutt, B., Page, G., and Bellotti, W. (2015). Direct and indirect land-
use change as prospective climate change indicators for peri-urban development 
transitions. Journal of Environmental Planning and Management, 59, 643-655. 
doi/full/10.1080/09640568.2015.1035775   
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Paper 4: 
Rothwell, A., Ridoutt, B., and Bellotti, W. (2016). Greenhouse gas implications of 
peri-urban land use change in a developed city under four future climate scenarios. 
Land, 5(4), 46. doi.org/10.3390/land5040046 
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Chapter 7: Contextualisation of Each Thesis Paper 
The project background, the research question arising, research methods, data 
handling, and the role of the research in climate mitigation strategies have been 
presented in earlier chapters. Chapter 6 listed the four published papers. This chapter 
summarises each paper from the following perspectives, as required by the 
University’s policy on completing a doctorate as a series of papers: 
(i) content; 
(ii) contemporary relevance, impact and applicant’s contribution; 
(iii) methodology and related innovations; 
(iv) findings and contribution to scientific knowledge; 
(v) place in an integrated series of papers; and 
(vi) the applicant’s personal and professional development. 
Paper 1 
Rothwell, A., Ridoutt, B., Page, G., and Bellotti, W. (2016). Environmental 
performance of local food: Trade-offs and implications for climate resilience in a 
developed city. Journal of Cleaner Production, 114, 420-430. doi.org/10.1016/ 
j.jclepro.2015.04.096 
(i) Content: Paper 1 produced a new regionally specific environmental assessment 
for production of a perishable vegetable – lettuce – delivered to the central fruit 
and vegetable market in Sydney, Australia. Multiple environmental impacts and 
trade-offs were assessed, and supply chain environmental impacts incurred to 
deliver the fresh produce to market were included. The results from Paper 1, 
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which supported the environmental benefits of peri-urban fresh vegetable 
production, informed exploration of scenarios of peri-urban land use in 
subsequent papers, where growing populations could be both housed and fed at 
lower relative environmental impacts. The data collected for the peri-urban and 
interstate lettuce farms were further used in the life cycle assessment based 
computer modelling conducted in Papers 2, 3 and 4. 
(ii) Contemporary relevance, impact and applicant’s contribution: The paper was 
published in a respected international journal selected for its target audience and 
receptiveness to life cycle assessment studies of food production. Journal metrics 
include an impact factor (IF) of 4.959, a five-year IF of 5.315, a source 
normalised impact per paper (SNIP) of 2.272 and a SCImago journal rank (SJR) 
of 1.721. Since publication the article has been cited 15 times. 
The candidate was the principal author, performing the design, analysis and 
interpretation of data, drafting the article, performing revisions, and approving 
the final published version. Extensive literature searches were performed to 
support and validate life cycle inventory. Co-authors assisted conceptualising the 
paper and provided essential critical feedback during article revision. 
(iii) Methodology and related innovations: This paper employed an existing method 
and analytical tool (life cycle assessment), using new data with spatial relevance 
for Sydney. The candidate collected data, using questionnaires designed for 
purpose. Computer-based models of lettuce farms were generated using life cycle 
assessment software and collected data. 
(iv) Findings and contribution to scientific knowledge: The main finding was 
knowledge that was new for Sydney and challenges the status quo which sees 
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urban growth strategies favouring housing in peri-urban areas over fresh food 
production. Paper 1 applied new, spatially relevant data, to produce findings that 
contribute to the debate on locally produced peri-urban food and its place in a 
resilient food system. This paper determined that, for a fresh perishable vegetable 
product such as lettuce, “food miles” do matter. Better environmental 
performance across a range of indicators were found at local peri-urban 
commercial farms due to impacts from post-harvest operations and transport to 
market incurred by the larger interstate farm. The relative merits of covered 
cropping using renewable electricity were demonstrated. Opportunities within 
the peri-urban environment for creating climate-resilient food supply chain 
pathways therefore need to investigate food production methods that may not be 
the accepted norm for the region but that may offer increased potential to 
capitalise on existing and future changes in technology. 
Furthermore, large exploitable yield gaps occur at peri-urban farms. Capacity 
exists to improve food system environmental performance by providing adequate 
policy and extension support in order to maintain commercial peri-urban farms. 
Other findings included, firstly, that there is an increased and potentially 
significant environmental debt due to additional supermarket chain prescribed 
packaging on commodity items. Secondly, quantification of the environmental 
impacts of food supply needs to be closer to the product level than to the 
aggregated sector level. Product-level information generates spatially relevant 
evidence about which food items would be suitable to be retained in the local 
commercial peri-urban horticultural sector from an environmental perspective. 
Finally, life cycle inventory typically underreported in life cycle assessment 
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studies, including for transplants (nursery stage), packaging, irrigation 
infrastructure, organic amendments and pesticides, can make important 
contributions to impacts and should be included in comprehensive studies of 
fresh food products. 
(v) Place in an integrated series of papers: This paper provided the scaffold upon 
which the research theme was expanded. Paper 1 and the earlier collaborative 
work of Hall et al. (2014) supported the environmental feasibility of peri-urban 
commercial lettuce farms compared to both larger interstate farms and local 
backyard production. Knowing this, scenarios of peri-urban land use and 
technologies that would allow peri-urban horticulture to continue versus 
becoming displaced could be examined. Analysis of such peri-urban land use 
scenarios were built on in later papers. 
(vi) Applicant’s development: The principal development outcome pertaining to 
Paper 1 was learning the essential skills to be an independent researcher; for 
example, critically evaluating literature, defining a research question, 
understanding limitations of methods, collaborating with scientists from other 
disciplines, and writing for an academic audience. Independent research also 
requires a level of strategic thinking, of which deconstructing potential research 
outcomes into four distinct parts to be reflected in four journal articles would be 
an example. 
Opportunity to participate in a collaborative project with researchers from 
another institution occurred relatively early during the candidature. The 
collaborative project involved sharing data collected from lettuce farms and 
resulted in the publication of a paper (Hall et al., 2014). Focusing on chicken and 
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lettuce, this collaborative paper compared backyard suburban farmers to 
commercial farmers. Participating in this project enabled commencement of 
analysis of data relatively early in the candidature and under the scrutiny of 
collaborators who provided valuable feedback. Through this opportunity, the 
value of academic collaboration and the process of conceptualising a paper were 
closely observed. The experience enabled me to better define the direction of my 
project, and I decided to extend the theme of backyard versus local commercial 
lettuce farming to an examination of commercial lettuce farming under different 
sizes and locations, as reported in Paper 1. 
Findings of Paper 1 and the beginnings of the peri-urban land use scenario 
analysis for Paper 2 were presented at the 8th International Conference on Life 
Cycle Assessment in the Agri-Food Sector (LCA Food 2012) in France. 
Feedback received suggested the potential relevance of indirect land use change, 
and examination of indirect land use change, a relatively recent concept, resulted 
in Paper 3. 
Paper 2 
Rothwell, A., Ridoutt, B., Page, G., and Bellotti, W. (2015). Feeding and housing the 
urban population: Environmental impacts at the peri-urban interface under different 
land-use scenarios. Land Use Policy, 48, 377-388. doi.org/10.1016/ 
j.landusepol.2015.06.017 
(i) Content: Paper 2 presented a comprehensive approach to assessing the 
environmental consequences of peri-urban land use change from horticulture to 
housing. Scenarios of peri-urban land use were presented where equivalent 
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populations could be both housed and fed, and associated environmental impacts 
and trade-offs were identified. 
(ii) Contemporary relevance, impact and applicant’s contribution: The paper was 
published in a respected international journal selected for its interdisciplinary 
target audience and focus on planning aspects of urban and rural land use. 
Journal metrics include an IF of 2.768, a five-year IF of 3.253, a SNIP of 1.629 
and a SJR of 1.438. Since publication the article has been cited nine times. 
The candidate was the principal author, performing design, analysis and 
interpretation of data, drafting the article, performing revisions and approving the 
final published version. The candidate collected data, using questionnaires 
designed for purpose. Extensive literature searches were performed to support 
and validate life cycle inventory. Co-authors assisted in the conceptualisation of 
the paper and provided essential critical feedback during article revision. Dr Brad 
Ridoutt provided particularly focused conceptual discussions regarding food 
production displacement due to urbanisation. 
(iii) Methodology and related innovations: This study developed a novel application 
of life cycle assessment embedded within exploratory land use scenarios, to 
examine environmental impacts of feeding and housing a growing urban 
population. Scenarios required equivalent residential populations to be housed 
and equal quantities of fresh food to be delivered to the city market. Two 
disparate housing types (infill and greenfield) and two forms of lettuce 
production (field and high technology greenhouse) were represented in the 
scenarios. Computer-based modelling used SimaPro® life cycle assessment 
software as the analytical tool. Regionally specific data to the extent possible for 
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both housing and lettuce production were used. Integrating traditional disparate 
fields of study – housing and horticulture – to generate understanding of 
environmental impacts and trade-offs represents a new approach to peri-urban 
land use change with policy relevance. The method applied uses a scientific 
evidence base, the results of which may be useful for land use planning 
decisions. Further development of this approach may include facilitating 
stakeholder engagement around scenarios of contested peri-urban land use, thus 
generating a consensus view of a desired peri-urban future. 
(iv) Findings and contribution to scientific knowledge: This paper presented new 
regionally specific knowledge for Sydney and with relevance to other developed 
international cities. Results demonstrated how integration of the conflicting 
needs of housing, food production and ecosystem services can occur while 
delivering improved environmental performance relative to the norm of 
greenfield housing development. The capacity to spare peri-urban land for 
afforestation by integrating infill housing with high technology food production 
was illustrated. 
Other findings included, firstly, identification of anomalies in water scarcity 
modelling. Suggestions were made for enhancing representativeness at the sub-
catchment level, where competition for different sources of water may occur. 
Secondly, when comparing environmental trade-offs, consideration needs to be 
given to the region experiencing the environmental burden; for example, 
conventional wisdom would suggest that eutrophication burden would be at farm 
level due to leaching effects of applied agrochemicals, yet eutrophication burden 
was incurred in the country of manufacture of solar cells used on the high 
CHAPTER 7  CONTEXTUALISATION OF PAPER 
128 
technology greenhouse rather than at the farm location. Finally, transforming 
primary energy generation to renewable sources was recommended to enable 
sweeping, widespread change in urban centres due to the dominance of fossil 
energy use in household operation and transportation, which were the two largest 
drivers of environmental impacts in the combined food and housing scenarios. 
(v) Place in an integrated series of papers: Paper 2 applied the data for the lettuce 
farms and supply chains generated in Paper 1 to scenarios of peri-urban land use. 
Scenarios could either continue to produce peri-urban lettuce, through infill 
housing development, or result in displaced lettuce production through housing 
development in greenfield areas. Paper 3 used these same scenarios, adding 
further variables pertaining to direct and indirect land use change. 
(vi) Applicant’s development: Learning to conduct and report on interdisciplinary 
research was the applicant’s principal development outcome for Paper 2. 
Amalgamating different disciplines stretches knowledge and improves 
articulation of complexity to a diverse audience. Crossing disciplines required 
accumulation of new knowledge about a sector (urban development) different to 
the applicant’s scientific background. Acquiring this knowledge led to meetings 
with land developers, extensive literature searching and participation at the PhD 
State of Australian Cities (SOAC) Research Symposium in 2013. Attending the 
research symposium enabled feedback from two academic mentors, Professor 
Michael Neuman and Associate Professor Wendy Steele, whose experience 
greatly complemented the agricultural focus of my immediate supervisory team. 
Professor Michael Neuman has a planning background and was Professor of 
Sustainable Urbanism and Associate Director of the City Futures Research 
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Centre at the University of New South Wales. Associate Professor Wendy Steele 
was a Senior Research Fellow in the Urban Research Program at Griffith 
University with an interest in climate-just cities. Reaching out to subject-matter 
experts to seek feedback was essential in this project. Feedback increased my 
confidence that I was publishing sound information and adequately articulating 
findings to a diverse audience. 
Paper 3 
Rothwell, A., Ridoutt, B., Page, G., and Bellotti, W. (2015). Direct and indirect land-
use change as prospective climate change indicators for peri-urban development 
transitions. Journal of Environmental Planning and Management, 59, 643-655. 
doi/full/10.1080/09640568.2015.1035775 
(i) Content: Paper 3 examined GHG emissions relevant to direct and indirect land 
use change occurring when peri-urban horticultural land is transformed to 
housing in greenfield locations. The scope of environmental impacts reported 
included only GHG emissions due to data constraints in the indirect land use 
change models used. Paper 3 informed a gap in knowledge on direct and indirect 
land use change impacts during conversion of peri-urban land from horticulture 
to housing. 
(ii) Contemporary relevance, impact and applicant’s contribution: The paper was 
published in a respected international journal selected for its interdisciplinary 
target audience, focus on sustainable development and publishing history of 
articles pertaining to peri-urban development. Journal metrics include an IF of 
1.710. Since publication this article has been cited twice. 
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The candidate was the principal author, performing design, analysis and 
interpretation of data, drafting the article, performing revisions and approving the 
final published version. The candidate collected data, using questionnaires 
designed for purpose. Extensive literature searches were performed to support 
and validate life cycle inventory. Co-authors assisted in the conceptualisation of 
the paper and provided essential critical feedback during article revision. Dr Brad 
Ridoutt introduced the concept of indirect land use change and provided access 
to an indirect land use change model produced by international life cycle 
assessment practitioners. 
(iii) Methodology and related innovations: Paper 3 extended the new analytic 
approach of Paper 2, integrating direct land use change and the relatively recent 
concept of indirect land use change with consequences of urban development. 
Computer-based models were revised to include new parameters for direct and 
indirect land use change. Parameters for direct land use change included 
installation of services infrastructure (telecommunications, water, sewer, gas and 
electricity), changes in soil organic carbon due to impervious surface installation, 
and civil and bulk earthworks. Parameters for indirect land use change occurring 
elsewhere, as a consequence of the direct land use change, to compensate for lost 
crop production depended upon the model being compared. No global consensus 
exists for indirect land use change estimation, hence several models obtained 
from literature were compared and trends identified. 
(iv) Findings and contribution to scientific knowledge: Direct and indirect land use 
change were determined to be of significance for environmental assessments on 
land use change. Each contributed approximately eight percent to total GHG 
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emissions associated with a land use change from horticulture to housing in a 
greenfield peri-urban area. From the perspective of life cycle assessment, a 
contribution of eight percent would require scrutiny in prospective land use 
decision making for land use change. These findings represent additions to 
available knowledge on land use change for Sydney and possibly for similar 
developed cities at the international scale as no similar studies have been located 
in literature. 
Papers 2 and 3 demonstrated that operationalisation of “sustainable” in the 
context of urban development should include consideration of the food needed to 
continue to provision the population being housed. Shortcomings in the national 
GHG accounting method were highlighted, from which changes in peri-urban 
land use from horticulture to housing are typically excluded. By prospectively 
considering direct and indirect land use change associated with housing 
development in greenfield areas, urban planning policies may better align with 
actual GHG mitigation. Particularly in the case of indirect land use change, 
responsibility should be taken by the change-causing sector for emissions 
outcomes (urban development), rather than by the sector upon which land use 
change is imposed (horticultural production). Information has been produced, 
adding to knowledge that may enhance decision making in support of 
environmental outcomes. 
(v) Place in an integrated series of papers: Paper 3 added, to the scenarios of 
housing and food systems from Paper 2, the consequent direct and indirect 
changes in land use that may occur during land use transitions from horticulture 
to housing. Estimates of the GHG emissions associated with direct and indirect 
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land use change were produced. The significance of both the direct and indirect 
land use change GHG emissions resulted in their continued consideration in the 
data for Paper 4. 
(vi) Applicant’s development: Two key learnings included the value of professional 
feedback and the need to challenge ambiguity. Feedback from an attendee at 
LCA Food 2012 suggested considering indirect land use change that may result 
from urban expansion. The ongoing dialogue between my CSIRO supervisor and 
European counterparts led to access to an indirect land use change model 
compatible with the SimaPro® life cycle assessment software used in this 
project. 
The need to challenge ambiguity was necessary to ratify data, as relevance of 
indirect land use change is a contested and somewhat nebulous issue informed by 
multiple and differing models. The contextual relevance of indirect land use 
change was therefore contrasted using multiple models of indirect land use 
change to identify the presence of trends. The presence of trends provides 
guidance to support decision making and is an example of applying science in a 
post-normal context. Learning to manage ambiguity involved providing 
comparative information and transparent handling of assumptions. 
Paper 4 
Rothwell, A., Ridoutt, B., and Bellotti, W. (2016). Greenhouse gas implications of 
peri-urban land use change in a developed city under four future climate scenarios. 
Land, 5(4), 46. doi.org/10.3390/land5040046 
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(i) Content: In Paper 4, four alternative future scenarios at 2050 and 2100 time 
horizons were developed to evaluate potential GHG emissions implications of 
feeding and housing a growing urban population in the developed city of 
Sydney. The scenarios were thematically downscaled from the four 
representative concentration pathways adopted by the Intergovernmental Panel 
on Climate Change (IPCC, 2013; van Vuuren et al., 2011). Central to the 
scenarios were differences in population, technology, energy, housing form, 
transportation, temperature, food production and land use change. A life cycle 
assessment approach was used within the scenarios to evaluate differences in 
GHG impacts, again a novel application of life cycle assessment. The housing 
and food models were adopted from Papers 2 and 3. No similar long-term 
scenarios of peri-urban development relevant for Sydney could be identified in 
peer-reviewed literature. 
(ii) Contemporary relevance, impact and applicant’s contribution: The paper was 
published in a respected online Multidisciplinary Digital Publishing Institute 
(MDPI) journal selected for its interdisciplinary target audience with focus on 
land-related issues in climate, environmental sciences, food security and 
planning. The journal is young (founded in 2012) and does not currently have an 
impact factor. 
The candidate was the principal author, performing design, analysis and 
interpretation of data, drafting the article, performing revisions and approving the 
final published version. The candidate developed the narratives and performed 
extensive literature searches to support the life cycle inventory. John Clarke from 
CSIRO Marine and Atmospheric Research provided temperature projection data. 
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Co-authors assisted in the conceptualisation of the paper and provided essential 
critical feedback during article revision. 
(iii) Methodology and related innovations: The methodological approach of Paper 4 
applied a novel analytic approach that saw integration of environmental life 
cycle assessment within four exploratory future scenarios. A qualitative 
narrative describing future characteristics, specifically for housing and fresh 
food production, was generated for each scenario. Explanatory variables in 
support of the narrative were identified and quantified. Once quantified, 
computer-based modelling using the life cycle assessment software for each 
time horizon, 2050 and 2100, was performed for GHG impacts. A comparative 
analysis of the four scenarios was performed based on GHG impact. 
The authors do not claim that the results are transferable to other metropolitan 
areas. However, the study approach may be transferable to other cities in 
developed nations experiencing peri-urban land use change from horticulture to 
housing, due to increasing population and housing demand. The narratives were 
developed to be consistent with the representative concentration pathways and 
could be applied to other regions. Explanatory variables may be used for other 
regions as they were selected to ensure coverage of sectors responsible for 
dominant contributions of anthropogenic emissions. The approach could be used 
with required changes to life cycle inventory. 
The paper was possibly stronger as a methods paper than as a proxy addressing 
all food production in peri-urban areas. To our knowledge at this time, the 
following items have not been examined in prior work and are novel for this 
work, with specific relevance to Sydney: 
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a) use of scenarios to illustrate alternative peri-urban futures; 
b) downscaling of regionally representative narratives; 
c) determining and quantifying the explanatory variables; 
d) assessing differences in peri-urban land use change between future 
scenarios; 
e) introducing and assessing impacts of future potential indirect land use 
change; 
f) assessing possible CO2-e emissions differences between scenarios and the 
differing contributions from housing, horticulture and indirect land use 
change; and 
g) illustrating the types of interventions that could be focused on, or not, to 
effect emissions reductions. 
Currently, there are limited regionally specific long-term assessments on how 
different variables impact peri-urban land use change and associated emissions 
outcomes for Sydney. The undoubted strength of this paper was in its regional 
relevance. Regional relevance is required because strategies for climate 
mitigation and the capacity of urban areas to contribute to any such strategies 
require local and regional contexts. 
(iv) Findings and contribution to scientific knowledge: Paper 4 generated 
knowledge with regional relevance to Sydney with possible relevance to 
internationally for developed cities that have similar reliance on fossil materials 
and development norms favouring urban consumption of peri-urban horticultural 
land. GHG emissions impacts between four future climate (and associated socio-
economically relevant) scenarios were compared. Illustrating potential emissions 
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impacts of development pathways into the future may aid understanding of how 
decisions made in the present day may influence opportunities for mitigation. 
Emissions per capita of new residents at the 2050 and 2100 time horizons, due to 
the peri-urban land use change induced to feed and house the growing urban 
population, were compared, and indirect land use change was found to be 
potentially significant. Implementation of a national low-emissions approach to 
housing development in greenfield areas, as opposed to a business-as-usual 
approach, was recommended to provide a potentially valuable mitigation 
opportunity. 
(v) Place in an integrated series of papers: This study built on the novel approach 
used in earlier papers, expanding examination to future GHG impacts resulting 
from different urban growth scenarios. Paper 4 presented four climate (and 
associated socio-economic) scenario adjusted futures for the food and housing 
models initially presented in Papers 2 and 3. Exploration of relative trends in 
GHG emissions between scenarios at future time horizons was presented. In 
contrast, Papers 2 and 3 established relative trends for GHG emissions in the 
present day. By examining future scenarios, Paper 4 contrasted alternative 
development pathways, including how infrastructure lock-in risks (such as 
housing form) may compromise future efforts at mitigation. 
(vi) Applicant’s development: Paper 4 was a larger than anticipated endeavour, 
requiring persistence, scope management, amalgamation of numerous data 
sources, articulation of possible futures and application of convergent thinking to 
divergent futures. Patience was a necessity to manage information in a logical, 
consistent manner, starting with the scenario narratives, downscaled with 
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regionally relevant variables and applying data to the life cycle assessment 
models. The time and data intensive nature of the paper was not understood at its 
conceptualisation and the candidate now understands why there is a lack of 
evidence-based and interdisciplinary information on alternative peri-urban 
futures in published literature, particularly using the data intensive tool of life 
cycle assessment. The post-normal scientific approach required for this paper 
challenged my hard scientific background (chemistry) and employment work 
history in highly regulated environments. 
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Chapter 8: Conclusions 
The four combined papers develop and apply new analytic approaches to assess 
environmental impacts associated with extracting peri-urban horticultural land for 
housing and to obtain comprehensive mitigation strategies for urban growth. The 
research question “how do environmental impacts at the peri-urban interface 
compare under different housing and food production land use scenarios?” has 
no definitive answer; however, can be better understood using life cycle assessment 
modelling based on qualitative and quantitative information using information from 
existing databases, a diverse but relevant literature and field data collection. The 
decision to displace horticulture through urbanisation of peri-urban land in the 
Sydney basin is a wicked problem involving high levels of disagreement between 
stakeholders, multiple causal factors and high stakes: urbanisation is a once-off event 
from which land is typically not reclaimed. Solving the question lies in how to best 
manage the decision to urbanise. The four papers presented in this thesis have 
developed and applied a new analytic approach, involving comprehensive systems 
thinking, to assess environmental impacts associated with extracting peri-urban land 
for housing. Knowledge that was new for Sydney and with international relevance 
has been generated. In moving from local, to regional, to long-term environmental 
impact assessment, the scope of the papers has provided multiple and temporal 
perspectives that inform how environmental impacts compare at the peri-urban 
interface under different housing and food production scenarios. 
Optimal housing and food production land use scenarios, producing lower relative 
environmental impacts at the peri-urban interface, were those favouring infill 
housing in existing suburban centres. Favouring infill housing allowed some form of 
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retained commercial peri-urban horticulture, which benefited from shorter 
conventional supply chains and the potential to capitalise on technological advances 
through use of high technology covered cropping. Combining infill housing with 
high technology covered cropping also spared peri-urban land for other uses that 
provided environmental benefits, such as afforestation. Reductions of 25 –43 percent 
across a spectrum of regionally relevant environmental impacts occurred under 
contemporary scenarios favouring infill housing development over greenfield. Urban 
afforestation on peri-urban land made available through high technology cropping 
reduced GHG emissions by up to five percent per hectare per year. 
Emissions from direct land use change occurring due to housing development in 
greenfield locations displacing peri-urban horticulture increased from 1.3 times to 
almost 1.5 times that of the infill food and housing system. GHG emissions for both 
direct and indirect land use change were of significance for a greenfield housing 
development displacing peri-urban cropland, each approximating eight percent of 
total GHG emissions. The future scenarios determined an additional future burden of 
GHG emissions by new residents in Sydney of between 4 and 43 percent above 
current estimates of 16.5 t CO2-e per capita GHG emissions per annum for 
Australians (World Bank Group, 2015). A business-as-usual approach incurred 
approximately 0.7 Mt CO2-e per annum more than a low-emissions approach per 
area of peri-urban land transformed at the 2100 time horizon. Importantly, 
comparison of future scenarios demonstrated the types of interventions that can be 
applied to generate lower relative emissions. 
Integrated environmental assessment of fresh food production with the built 
environment informs decision making in the present day that may have future 
CHAPTER 8  CONCLUSIONS 
140 
ramifications for GHG emissions mitigation. Locking in land use will inhibit the 
future capacity to use peri-urban land for alternative uses, such as greenhouses, 
afforestation or other use. Continuing to change peri-urban land use from 
horticulture to housing without consideration of changes to fresh food production 
overlooks mitigation opportunities that exist if present decisions on peri-urban land 
use change are adequately informed. Alignment of planning policy with emissions 
reductions is, however, inconsistent (Centre for International Economics, 2010). 
These four papers show that there is a need for scientific method, post-normal or 
otherwise, to generate evidence to inform present decisions that have ramifications 
for future uncertainty and mitigation. Integrated scenarios of peri-urban land use 
change have been presented that illustrate options that may assist mitigation of 
climate change impacts. Reducing vulnerability to the uncertainty of climate change 
requires an understanding of the interconnections between urban areas and the 
multiple provisioning services that support urban populations, such as ecosystems, 
food and water supply. The environmental impacts of alternative peri-urban designs, 
that both feed and house equivalent and growing populations, have been compared in 
this study at the peri-urban interface. Scenarios illustrative of possible ways of 
delivering lower environmental impacts and increased resilience in the face of 
climate change have been described and made available for policy planning, 
interventive actions and process monitoring use. 
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Chapter 9: Recommendations 
Recommendations for future research typically result from examining the conceptual 
framework within a new context, expanding the conceptual framework, reviewing 
primary and secondary findings, or identifying limitations. This chapter summarises 
and expands upon several recommendations proposed within the four papers and 
introduces further suggestions for future research. 
9.1 New contexts 
New contexts for future research could include assessment of other fresh food types, 
of reasonable value and production in the peri-urban region of Sydney, to ascertain if 
peri-urban horticulture for other crops presents a similarly viable environmental 
option. Assessment of a representative peri-urban “fresh food basket” that provides a 
spectrum of nutritional needs to the Sydney population compared to importing from 
elsewhere may provide environmental data that overlap with the theme of 
sustainable diets and health outcomes for urban populations. A food basket approach 
may overlap with research into sustainable diets for Western Sydney (an area known 
for dietary health related issues such as obesity), aiding positive outcomes across 
disciplines. 
Other production types, such as organic, would be of interest. Unfortunately, the 
organic grower identified to assist in this project withdrew after understanding the 
extent of data collection required. Including different levels of adoption of high 
technology food production in scenarios of future peri-urban land use would be a 
valuable comparison. 
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Other cities could apply the modelling approach to examine environmental burdens 
and trade-offs between peri-urban land use scenarios. Regionally relevant fresh 
foods, housing and climate data would be required. 
9.2 Expanding the conceptual framework 
Expanding the conceptual framework to new housing systems could be used to 
compare and better ameliorate environmental burden within multifunctional peri-
urban land use scenarios, particularly given that the housing system dominated 
environmental impacts. Paper 2 proposed establishing a set of housing and food 
typologies in which a wider diversity of housing types, transport modes and food 
production scenarios could be evaluated. Housing variants could assess electricity 
from off-grid solar photovoltaic electricity supply, or other renewable grid sources, 
or high-density apartments. Horticultural variants may include high technology food 
production using no external water sources, vertical gardens, aquaponics or intra-
urban community-supported agriculture. Mitigative opportunities for urban 
development in the form of new peri-urban development norms could be assessed, 
such as agricultural parks within urban communities or other amenity landscapes. 
Advancing this expansion further, a process of stakeholder engagement to develop 
and evaluate scenarios could have the potential to develop a deeper, shared 
understanding of the environmental consequences of specific courses of action, 
potentially leading to a consensus view of a desired peri-urban future. 
Research could determine ways to inform policy with the type of modelling 
performed in this project. Further research could investigate more completely how 
activities associated with urban areas, in order to provision urban populations, affect 
CHAPTER 9  RECOMMENDATIONS 
143 
GHG emissions outside urban areas. Assigning the GHG impact to urban areas 
would be a step towards an integrative approach to managing GHG emissions. Such 
a comprehensive approach may make it easier for policy makers to understand 
opportunities for climate mitigation. 
Further research could also “reverse engineer” the modelling. Known targets for 
environmental impacts could be analysed to determine proportions of renewable 
energies, housing systems, or other land uses that would deliver environmental 
impacts to the prescribed targets. Reverse engineering is of particular relevance for 
scenarios of future peri-urban development. The types of interventions that may 
effect the greatest emissions reductions in order to feed and house urban populations 
should be important for policy makers. 
Expanding the conceptual framework should also include a more concrete method to 
assess indirect land use change and to expand scope beyond that of only GHG 
impacts. Although the concept of indirect land use change is valid and ratified 
globally, the method for accounting for indirect land use change remains contested. 
Proving supply chain upstream impacts would be an arduous undertaking and is 
likely to differ depending on crop, but it would serve to ratify its application within 
the modelling. 
9.3 Secondary findings 
The four papers identified secondary findings and associated research needs. These 
secondary findings may be significant for future research but were not expressly 
related to the overarching theme of the four papers. Six recommendations for future 
research are elaborated. 
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The findings of Paper 1 give rise to four of these six key recommendations. Paper 1 
identified an increased environmental debt due to packaging materials used to 
optimise shelf life, such as films and moisture absorbers, in ready-to-eat lettuce 
products. The first recommendation would be to conduct further life cycle 
assessment studies, relevant to the Australian urban context, that determine if 
additional packaging materials on ready-to-eat fresh foods alter consumer habits. 
There is a research need to understand if use of these materials offsets increased 
environmental debt, for example by reducing washing or waste. 
Secondly, empirical evidence generated in Paper 1 identified that inventory that is 
typically underreported (such as the nursery stage, irrigation infrastructure, organic 
amendments, pesticide and commodity packaging) were hotspots in at least one 
environmental impact category. Lack of nursery data has been reiterated by Cerutti 
et al. (2014) in fruit production and by Perrin, Basset-Mens, and Gabrielle (2014) for 
vegetable production life cycle assessments. Based on Paper 1, it is recommended 
that for future life cycle assessments conducted at product level, such inventory 
should be represented. 
Thirdly, Paper 1 also recommends that further research on the environmental impacts 
of food supply needs to be regionally relevant and closer to the product level than to 
the aggregated sector level. For Sydney there is little information on specific fresh 
food types reaching the city’s central fruit and vegetable market. As proposed in 
Section 9.1, a “fresh food basket” approach for fresh food produced in the peri-urban 
region may assist identification of the optimal range of fruits and vegetables 
produced commercially in peri-urban regions. 
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Fourthly, an exploitable yield gap was identified in the data collected from peri-
urban farms, when compared to the yield achieved at the larger interstate commercial 
farm. One striking difference was that the larger interstate farm had guaranteed 
advance orders from large retailers such as Woolworths and Coles supermarkets. In 
contrast, peri-urban farmers were using their experience to estimate what crops to 
plant and when, meaning a significantly higher uncertainty in return on investment 
(e.g. due to a flooded market). Research to understand the reasons for this 
exploitable yield gap and how to reduce it could assist peri-urban farmers in 
maintaining a viable commercial enterprise. 
Fifthly, Paper 2 identified constraints with regional water scarcity modelling and 
made recommendations to enhance the representativeness of water scarcity 
modelling methods. Water sources specifically pertaining to urban and peri-urban 
regions may be from differing sources and hence peri-urban horticultural farms may 
not be competing for the town’s potable water supply. Future research could assess 
water scarcity results using models that enhance regional representativeness. 
The sixth recommendation originating from secondary findings is to determine if a 
payback period applies to carbon storage changes in peri-urban areas where housing 
displaces horticulture (Paper 3). A life cycle approach would consider, for example, 
urban greening (such as gardens, parks and other plantings) and greenspace 
management (such as fertilisers and mowing). Such research would inform and 
quantify how best to increase carbon storage in urban areas to obtain the greatest 
offsets for carbon emitted during the land use change from horticulture to housing. 
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9.4 Limitations 
The exploratory nature of the project required clear and transparent statements 
regarding assumptions and limitations, in particular for Papers 2, 3 and 4. 
Assumptions and limitations were well disclosed and scrutinised as part of each 
journal’s blind peer-review process. Several areas for further research arising from 
assumptions or limitations are summarised here. 
In Section 9.3, mention was made of the exploitable yield gap observed between 
peri-urban and interstate farms. Of interest would be to better understand how 
intensification efforts could affect relative environmental debt per kilogram of 
lettuce, if peri-urban farms were to increase output. 
The data intensive nature of life cycle assessment is one potential drawback of this 
method. A larger number of interstate or peri-urban farms could be evaluated to 
observe for further similarities or differences between crops to complement those 
assessed during the time constraints of the research project. Impacts relating to 
consumption and final waste could be added to the scope of the life cycle 
assessment, for example, to gain insight into consumer transportation influences on 
environmental impacts in different urban areas. 
Local food networks serviced by niche providers were out of scope. Analysis of 
production and distribution systems for these niche providers would provide further 
insight into the “local food” debate. The production potential of such niche providers 
could also be assessed in such a study. 
Governance systems that enhance linkages between research outputs and policy 
inputs and consult with information from projects such as these could be examined. 
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More research is required on the types of reform that may be required to address 
government capacity to respond with policy interventions. 
The scenarios of future peri-urban development in Paper 4 do not consider the 
impact of declining resources, changes in seasonality, rainfall or crop water 
requirements, nor potentially increased competition for rural land between mining, 
agriculture and different crop production. Combining these effects would require 
partial equilibrium modelling, with elasticity and linkages to climate models. It 
would be of interest to create scenarios to assess how crop production and locations 
may change under these influences and how this affects the productivity of 
Australian agriculture. 
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Localisation of food production is often advocated as a means to improve food security by creating
climate resilient pathways within food supply chains. As a robust evidence-based response to legitimate
food security and environmental concerns, the concept of local food remains controversial with limited
studies comparing environmental impact trade-offs. This study compares local peri-urban commercial
production in a developed city with de-localised production for lettuce, highlighting trade-offs between
a spectrum of regionally relevant environmental indicators (global warming potential (GWP), land use,
water use and eutrophication). On- and post-farm supply chain variation was assessed using life cycle
assessment for product arriving at Sydney's central vegetable market. Three field farms, one outdoor
hydroponic and one high technology greenhouse (HTG) were examined. Sensitivity to renewable energy
was assessed in the case of the HTG. Peri-urban field produced lettuce delivered to the central market
exhibited lower carbon dioxide equivalent (CO2-e) emissions (0.24 and 0.31 kg CO2-e per kg lettuce)
compared to remote field (0.48 kg CO2-e) or peri-urban HTG production (0.51 kg CO2-e). Activities
including packaging selection and distance to market had a large influence on environmental impacts.
Benefits of using renewable energy for HTG production manifested as a reduction in emissions to
0.27 kg CO2-e, placing the HTG as an environmentally competitive alternative to field production. Land
and water use were optimised through the use of outdoor hydroponic and HTG production with im-
provements over field production of up to 80 and 60 percent for land and water use respectively. Ex-
amination of a wider range of regionally specific environmental impacts should be considered with any
environmental claims on local food, extending analysis beyond a restriction to emissions. Policy
frameworks need to consider how trade-offs will be assessed and managed as governments strive for
emissions reductions.
© 2015 Elsevier Ltd. All rights reserved.1. Introduction
Arguments for creating climate resilient pathways within the
food supply chain are being increasingly made within developed
nations. Localisation of food production is often advocated as a
means to improve food security by improving resilience to climate
change and potential supply chain disruptions (FAO, 2014a, b).
Caputo (2012) comments on an increasing role for urban (‘local’)
agriculture in mature economies. With natural capital under
increasing stress combined with a growing global (and local)
population, impetus for food systems to improve in bothothwell), brad.ridoutt@csiro.
tti@uws.edu.au (W. Bellotti).environmental performance and resilience is high (Hall et al., 2014).
Aimed at addressing this twofold criteria of environmental per-
formance and resilience, local food movements in developed na-
tions have gained momentum, such as in the cities of Paris (Darly,
2012), Manchester (Small World Consulting Ltd and Tyndall
Centre for Climate Change Research, 2013) and Canberra (Lilly,
undated). Retailers such as Tesco have implemented local food
sourcing policies. ‘Food miles’ is marketed to the public as assisting
reduced carbon footprints, in formats including teaching resources
(Home Economics Institute of Australia, 2009; NPU et al., undated)
and local food procurement policies within school catering services
(Darly, 2012) and government (Small World Consulting Ltd and
Tyndall Centre for Climate Change Research, 2013). Alternative
food networks involving local food procurement are emerging in
response to perceived environmental benefits (Wiskerke and
A. Rothwell et al. / Journal of Cleaner Production 114 (2016) 420e430 421Viljoen, 2012). How well local food supports environmental per-
formance and resilience remains open to debate. The evidence
behind such claims may be equivocal and dependent on a diverse
range of system boundaries, produce types, varied assumptions and
a multiplicity of footprinting methods. Analyses of how environ-
mental impacts of local and de-localised fresh, perishable, food
production compare remain under-explored.
1.1. Life cycle assessment (LCA) for food environmental impact
studies
Complicating the local food argument further are disparate
outcomes of LCA studies. LCA is a commonly used method to
evaluate carbon footprints of products (Chomkhamsri and Pelletier,
2011). Comparative capacity of environmental impact studies
relating to food products are hampered by dissimilarity of system
boundaries and inventories (Cerutti et al., 2014; Perrin et al., 2014;
Stoessel et al., 2012). Regarding provisioning of local versus de-
localised food, results are spatially dependent for both production
andmarket, produce specific, with a variety of variables that may or
may not be included such as nursery stage, refrigeration, packaging
types, transport mode and capital infrastructure. Compounding
these prior variables is the use of differing LCA methods. Studies
that use sector and industry aggregated data such as inputeoutput
(IeO) LCA or deploy sector averages in studies of environmental
impacts of food products risk losing spatial relevance and product
specificity but may be used to identify high level generic trends
(Weber and Matthews, 2008). Complementing IeO LCA is process-
based LCA which captures product specific detail, allowing com-
parisons of a diversity of mechanisms that may occur in the life
cycle of the product from its origin to a defined boundary. Product
specific LCA investigations, such as for different types of vegetables,
tend to illustrate higher relative impacts from post-farm inputs
compared to on-farm impacts, where post-farm operations include
packaging and transport (road) to market (Cellura et al., 2012;
Estrada-Flores and Larsen, 2010; Marletto and Sillig, 2014; Mila i
Canals et al., 2008; Nordenstr€om et al., 2010; Page et al., 2012; Sim
et al., 2007). In contrast, studies using aggregated (average) data to
estimate impacts of local food find little post-farm impact. Weber
and Matthews (2008) used IeO LCA, organising foods into com-
modity groups such as fruit and vegetables and red meat, deter-
mining producer to retail transportation to have a relatively minor
contribution at 4 percent of greenhouse gas emissions. Cleveland
et al. (2011), using sales and aggregated produce weight data,
calculated a less than 1 percent potential to reduce emissions
through consuming local food. Packaging of produce may also
contribute to impacts but is often not considered in detail. Meth-
odologically, aggregate methods cannot analyse diversity within
vegetable cropping systems or supply chains. Discretion is required
in making generalisations due to important differences between
foods (Edwards-Jones et al., 2008). Careful treatment of specificities
is required to inform arguments on environmental benefits and
costs of local food.
1.2. Environmental performance criteria
As a robust evidence-based response to legitimate food security
and environmental concerns, the concept of local food remains
controversial. Analogous to other developed cities, for Sydney, New
South Wales (NSW), much advocacy exists for retention of peri-
urban agriculture and increased implementation of urban agricul-
ture (Mason and Knowd, 2010; Merson et al., 2010; WSROC, 2012).
However, peri-urban land in developed nations is hotly contested
for a variety of competing land uses, most notably for urbanisation.
A commonly held belief is that local peri-urban food production canbe readily displaced to alternative regional locations or to other
countries. Arguments favouring this approach centre on improving
overall production efficiencies through increasing economies of
scale at larger inland and interstate farms. Yet limited studies
comparing emissions profiles of local with de-localised production
for fresh perishable product reaching the same city market exist.
Comparing local versus de-localised production of perishable
vegetables using emissions as the performance criteria gives rise to
a further conundrum. How do other environmental impact in-
dicators compare and what concessions occur across a spectrum of
indicators?
Within the local food debate, environmental impacts considered
are typically restricted to emissions, with few studies including a
wider suite of indicators. Page et al. (2012) found a low carbon
footprint for tomato growing may be associated with a higher
water footprint. Stoessel et al. (2012) found similar environmental
impact trade-offs for a small number of vegetables supplied to a
Swiss retailer, recommending coverage of other impacts to prevent
‘problem shifting’. Carbon reduction policies may deliver potential
trade-offs in overall environmental sustainability if other impacts
are not considered. Further analysis is warranted to assess envi-
ronmental performance of local versus de-localised perishable
vegetable production considering a spectrum of environmental
indicators to increase insight into trade-offs and risks due to taking
a ‘silo’ perspective.
This study provides specific empirical evidence for a local food
system through comparing peri-urban with interstate commercial
horticulture for a fresh perishable vegetable. Aspects examined
included:
- on-farm environmental impact variation between farms of
varying scale in dispersed locations but employing similar
production methods;
- comparison of farms using alternative production methods such
as outdoor hydroponic and a high technology greenhouse
(HTG);
- influence of typically underreported inventory such as the
nursery stage, irrigation infrastructure and commodity
packaging;
- significance of post-harvest supply chain activities in moving
produce to a city market; and
- advantages and disadvantages of a regionalised production
network for a fresh perishable vegetable from an environmental
impact perspective, including opportunities for improving
climate resilience in the food supply chain.
2. Methodology
Process-based LCA was used, following the international stan-
dards ISO14040 (ISO, 2006a) and 14044 (ISO, 2006b). Applying
these standards enables quantitative assessment of environmental
impacts for a defined system or product over a specified life cycle.
LCAs of five farms producing the same perishable vegetable (let-
tuce) were generated in order to provide insight into the local
versus de-localised food debate.
Lettuce was selected for six reasons: a) Sydney produces a high
proportion (approximately 88 percent) of the quantity on the local
market (Malcolm and Fahd, 2009); b) it is able to be grown year
round within the Sydney basin, with alternative supply from Vic-
toria and Queensland; c) it is a staple food across most households
with consumption rising in recent years (AUSVEG, 2011); d) alter-
native road transport types can be investigated. Cool chain logistics
are required for transport of de-localised produce such as lettuce,
where short breaks in the cool chain (2 h at 15 C) negate the ad-
vantages of on-farm cooling and shorten overall shelf life (Rogers,
Table 1
Farm characteristics for the five lettuce farms studied.
Farm Location Farm size (workable ha) Technology Distance to market (km) Production season
LF1 Sydney basin 30 Field (transplants) 60 All year
LF2 Sydney basin 24 Field (direct seeding) 56 Feb to Dec
LF3 Sydney basin 1.8 Low tech hydroponic (transplants) 39 All year
LF4 Mornington Peninsula, Victoria 160 Field (transplants) 930 All year
LF5a Sydney basin 2 High tech greenhouse (transplants) 56 All year
a Adapted from high technology greenhouse for lettuce production in The Netherlands. Currently none exist in NSW for lettuce production.
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ponic and HTG cropping may be assessed; and f) lettuce is
reportedly a high contributor to total vegetable emissions within
Australia (Maraseni et al., 2010). Within the Sydney basin, lettuce
production is dominated by open field production (approximately
88 percent) with hydroponic and low technology covered cropping
comprising the balance (Malcolm and Fahd, 2009).
2.1. System under study
On-farm and post-farm supply chain variationwas examined for
lettuce arriving at Sydney's central fruit and vegetable market, the
Sydney Produce Market®, in Homebush NSW. The unit of assess-
ment, also known as the functional unit in LCA, was 1 kg of product.
The Sydney Produce Market® is one of the largest wholesale fresh
fruit and vegetable markets in the world, predominantly servicing
commercial retail buyers (Sydney Markets, 2013).
Agricultural and spatial diversity were accounted for by exam-
ining farms from different locations plus alternative food produc-
tion technologies. Traditional field production was examined for
two locations, including two commercial farms in the Sydney basin
(one using direct seeding and the second using transplants) and a
larger farm in Victoria (using transplants). Rationale for comparing
traditional commercial field production in a local versus remote
location was to ensure similar systems were analysed when
informing the ‘local food’ debate. Additionally, commercial field
production dominates lettuce production in Australia.
Alternative food production technologies including hydroponic
and a hypothetical HTG were explored, permitting comparisons to
traditional field cropping. Sydney was selected as the location for
the hydroponic and HTG farms to evaluate different production
technologies in the local context.
An overview of the farm locations, growing technologies and
distance to market have been provided in Table 1. Selected envi-
ronmental impacts to be compared included global warming po-
tential (GWP), land use, water use and eutrophication.
2.2. Definition of ‘local’
For this study local food was considered as that grown within
the Sydney basin, including distances of up to 80 km by road from
the Sydney market. Farms in the Sydney basin were located within
the shaded region shown in Fig. 1.1 Regarding selection of remote
production location, a farm located on Victoria's Mornington
Peninsula was examined (LF4: Fig. 1). The Victorian farm analysed
was representative of alternate production regions for the Sydney
market in terms of distance, scale and operation with detailed data
available.
2.3. System boundary
Fig. 2 illustrates the division of the LCA into three stages: on-
farm, post-harvest processing (typically occurring at farm) and1 Map provided by Urban Research Centre, University of Western Sydney.delivery to the central market. Upstream impacts (pre-farm) were
includedwithin the on-farm inventory. Post central market impacts
were assumed the same for all production systems and maintained
out of scope. All transportation to market was via road. Local pro-
ducers typically used small rigid trucks while interstate transport
used refrigerated articulated trucks.2.4. Life cycle inventory (LCI) & data sources
Data was collected from case study farms L1 to L4 during on-site
visits and using a pre-structured questionnaire, addressing the in-
ventory in Fig. 2 and Table SI-1. L1 to L3 were collected mid 2011
and LF4 in early 2012. Data from LF5 (HTG) was collected using a
similar pre-structured questionnaire sent directly to the grower in
The Netherlands in early 2013 with subsequent adaptation for the
Sydney region. Cross-checking of data across all farms was per-
formed to ensure equivalent types of inventory were present,
thereby ensuring differences in impacts were not attributable to
missing or extra data. To minimise estimation, annualised infor-
mationwas obtained in order to account for seasonal differences. In
contrast to many LCA studies a wider inventory were considered.
Capital equipment, nursery stage, organic amendments, pesticides,
washing, packing and truck refrigeration were included for
completeness. Where estimates were required to prevent missing
data, literature was consulted.2.5. Software and impact assessment method
SimaPro 8.0.2 software was used for modelling (PRe
Consultants, 2014), selecting LCI data from the Australasian data-
base (Life Cycle Strategies, 2014) or where no relevant Australian
data existed, from the EcoInvent database (Weidema et al., 2013).
Environmental impacts were calculated for midpoints using the
Australian indicator set v3 within SimaPro. GWP expressed relative
to carbon dioxide (kg CO2-e) was based on IPCC (2007) 100 year
impacts, land (ha.a) and water (m3) use were assessed across the
life cycle and eutrophication (kg PO4-e) was based on the Centre of
Environmental Science (CML) method (Leiden University, 2013).
Emissions factors were obtained firstly from the Australian Meth-
odology for the Estimation of Greenhouse Gas Emissions and Sinks
2006 (National Greenhouse Gas Inventory Committee, 2007) or
where absent from IPCC guidelines (IPCC, 2006). Nitrate, phosphate
and sulphate emissions factors required estimation from literature,
as did volatile organic carbon emissions from pesticides and carbon
emissions from organic amendments (compost and poultry litter).2.6. Sensitivity
Sensitivity analysis was conducted for data quality reasons. Data
collected directly from farms was considered to be relatively
spatially representative and accurate. Where data was less certain,
typically as a result of either assumptions made or validity domain
of leveraged literature, and a potential hotspot occurred, sensitivity
analysis was conducted as per Table 2.
Fig. 1. Map of the study area within the Sydney basin (main map) and Australia.
Fig. 2. System boundary for lettuce delivered to the city's central fruit and vegetable market.
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Table 2
Sensitivity analysis summary.
Test Variable Scope Reason
1 Emissions due to replacement of poultry litter with synthetic fertiliser LF1 Highest poultry litter application rate.
2 Emissions and eutrophication with nitrate and phosphate emissions halved LF5 Highest on-farm eutrophication results.
3 Emissions and eutrophication with pesticide emissions halved LF1 Highest on-farm pesticide contribution.
4 Use of solar photovoltaic (PV) panels for baseload and cooling energy LF5 High coal-based electricity contribution.
A. Rothwell et al. / Journal of Cleaner Production 114 (2016) 420e4304242.7. Key assumptions
Not included within the scope of the LCI were wooden pallets
used in transportation and emissions due to field waste. Within
Australia, wooden pallets are re-used across many commodity types
and as such were excluded. Field waste, such as unharvested roots,
was not included in line with other LCA studies (Cellura et al., 2012).
Includedwithin the LCI was soil organic carbon sequestration due to
organic amendments such as compost and poultry litter application
(soil organic carbonwas assumed to be somewhat depleted and not
at an equilibrium state). ‘Sequestration swapping’ whereby
amendments were shifted to the farm at the expense of another area
was assumed not to occur, and any increase in N2O emissions as a
result of organic amendment was not modelled (Garnett, 2011).
As LCI is annualised, capital infrastructure and certain packaging
types require amortisation over appropriate lifespans. Assumptions
relating to capital infrastructure lifespans included: plastic covers
for low tech greenhouses (transplant nurseries) replaced 3 yearly as
per Cellura et al. (2012) with metal framework 15 years; HTG
structure and solar photovoltaic (PV) systems 30 years; coolrooms
and agricultural machinery 15 years; metal irrigation infrastructure
10 years with irrigation t-tape 7 years. Regarding packaging ma-
terials, lifetime of polypropylene (PP) crates was 5 years as indi-
cated by a grower with no consideration of loss due to damage.
Cardboard cartons were modelled as single use per guidelines from
growers.
3. Results
Fig. 3 illustrates the values obtained for GWP, land use, water use
and eutrophication potential across the five farms for delivery of
lettuce to market, split into on-farm, post-harvest processing and
at-market results, for 1 kg of lettuce. Two clear outcomes were
apparent. Firstly, obvious trade-offs between impacts occurred,
with farms exhibiting least GWP (LF1, LF2, LF4) having higher land
and water use than LF3 and LF5. Secondly, from a GWP perspective
larger interstate field farm LF4 displayed the lowest result for on-
farm emissions however when supply chain impacts were
included, represented by post-harvest processing and at-market
contributions, this comparative advantage was negated. Within
this section environmental impact results and hotspots are pre-
sented for the on-farm, post-harvest processing and at-market
stages, with discussion following in Section 4.
3.1. On-farm impacts
In terms of growing technology, field lettuce production at LF1,
LF2 and LF4 exhibited the lowest on-farm GWP at 0.20, 0.16 and
0.12 kg CO2-e per kg lettuce respectively. On-farm GWP impacts for
the three field farms were dominated by similar inputs. Diesel,
poultry litter, synthetic fertilisers, pesticides and transplants were
dominant. Where direct seeding occurred at LF2 thereby elimi-
nating transplants, the relevant importance of aluminium from
irrigation infrastructure increased (to 5 percent). Electricity domi-
nated both hydroponic farm (LF3) and HTG (LF5) GWP impacts at
approximately 50 percent. Fertilisers, diesel and transplants wereother hotspots within LF3 and LF5. Greenhouse structure contrib-
uted 10 percent for LF5. Peat use contributed approximately 1e2
percent where used in transplants, with 7 percent being the highest
contribution to on-farm emissions by transplants. GWP results
were sensitive to selection of synthetic nitrogen fertiliser as a
replacement for poultry litter, with synthetic nitrogen increasing
GWP impacts. No sensitivity of GWP to halving nitrate, phosphate
or pesticide emissions was detected. Replacing baseload and cool-
ing coal-fired grid electricity with solar PV electricity for LF5
resulted in a 50 percent reduction in GWP from 0.47 to 0.24 kg CO2-
e per kg lettuce.
Other growing technologies including outdoor hydroponic (LF3)
and the HTG (LF5) outperformed field lettuce in the impact cate-
gories of water and land use. Water use across all farms was prin-
cipally on-farm use with small contributions from transplant
growing followed by electricity generation and fertiliser produc-
tion. With a lower overall water usage, the impact of transplants at
LF3 and LF5 was higher, contributing 7 and 4 percent respectively.
For field farms, the relative water use by transplants averaged less
than 1 percent.
Land use impacts were dominated by actual land use for field
farm cultivation. Where peat was used for transplant growing
media, contribution to land use of up to 4 percent was noted.
Phosphate based fertiliser used at LF2, LF3 and LF5 displayed a
similar contribution of up to 4 percent to land use. Electricity was
responsible for 24 and 22 percent respectively of the land use
impact for outdoor hydroponic (LF3) and HTG (LF5) production.
Being a predominantly coal based electricity mix drives high land
use requirements due to land needed for mining operations.
Electricity similarly drove eutrophication results at LF3 and LF5
at 40 and 15 percent respectively. Outdoor hydroponic production
exhibited lowest eutrophication potential. Eutrophication hotspots
across all farms included diesel and fertiliser use. Pesticides addi-
tionally drove field eutrophication results, including chemical
groups such as thiocarbamates, acetamides, organophosphates and
a copper solution being used at one of the farms as a fungicide.
Eutrophication results were not sensitive to the halving of pesti-
cide, nitrate nor phosphate emissions. Using solar PV electricity at
LF5 compared to coal based electricity drove reductions in on-farm
impacts of 20 percent in land use, 9 percent in eutrophication and a
2 percent increase in water use.
3.2. Post-harvest processing impacts
Contribution to impacts from the post-harvest processing stage
was significant for farms LF2, LF3 and LF4. Common across these
farms and driving elevated impact results for GWP (33e56
percent), land use (19e50 percent) and eutrophication (16e39
percent) was the use of cardboard carton packaging (from recycled
materials). LF1 and LF5 utilised polypropylene (PP) crates for let-
tuce transport that were able to be reused over a period of several
years, resulting in dramatically lower packaging impacts at 3e7
percent of GWP, 0.7e1.1 percent of land use and 1.2e1.5 percent of
eutrophication impacts. GWP and eutrophication impacts for 100
percent recycled cardboard cartons were dominated by fossil re-
sources, particularly gas and coal used in production and
Fig. 3. Environmental impact results per kg lettuce for the five lettuce farms: (a) GWP (kg CO2-e kg1 yr1); (b) eutrophication (kgPO4-e kg1 yr1); (c) land use (ha.yrs kg1 yr1);
and (d) water use (m3 kg1 yr1). Three stages in the supply chain are represented: on-farm, post-harvest processing and at-market impacts.
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used in starch production for packaging combined with coal based
electricity and diesel use dominated land use aspects in the post-
harvest processing stage.
3.3. At-market impacts
At-market impacts for GWP and eutrophication, as shown in
Fig. 3, were relatively larger for the interstate field farm LF4. Key to
this enlargement was increased road transportation, representing
20 percent of GWP and 10 percent of eutrophication at-market
impacts. Post-harvest and at-market inputs clearly contribute to
environmental impacts at different scales for local versus interstate
perishable food such as lettuce.
Further breaking down post-harvest and at-market impacts for
interstate and local field lettuce farms, Fig. 4 contrasts relative GWP
impacts between interstate field farm LF4 and peri-urban field farm
LF1. Packaging contributed 45 percent with transportation a further
19 percent of GWP for LF4, with at-market transportation emissions
dominated by distance to market rather than impacts from refrig-
eration, refrigerants or insulating materials from truck manufac-
ture. In contrast, for the local field farm LF1, significantly less
contribution from transportation to market (9 percent) or pack-
aging (3 percent) meant on-farm impacts dominated with a
reduced overall GWP impact.
4. Discussion
Regarding field lettuce (LF1, LF2 and LF4), land and water use
results reported were similar in order of magnitude to those foundin UK and Spanish outdoor lettuce farms in Hospido et al. (2009).
Local farm LF1 exhibited improved on-farm land and water use
compared to either local LF2 or interstate LF4. Trickle irrigationwas
used in combinationwith overhead fertigation at LF1, while LF2 and
LF4 used overhead irrigation only. When post-harvest processing
was considered, the relative benefits seen at LF1 for land use were
enhanced due to choice of packaging type and proximity to market.
Comparison to prior studies on lettuce for the impact category
of GWP find similar emissions values up to the farm gate (Maraseni
et al., 2012) and to retail distribution centre (Hospido et al., 2009;
Mila i Canals et al., 2008). Using spatially relevant information
appears to yield lower impact results for lettuce compared to using
national average data as used in Maraseni et al. (2010) and
O'Halloran et al. (2008). In contrast, Gunady et al. (2012) report
dramatically higher at-market results for lettuce on the Perth
(Western Australia) market at 3.56 kg CO2-e per kg lettuce.
Compared to both literature and to this study, results in Gunady
et al. (2012) for field lettuce produced within a relatively ‘local’
market appear high, in the vicinity of European greenhouse lettuce
(Hospido et al., 2009; Marton et al., 2010; Mila i Canals et al., 2008).
Possible reasons include the use of an alternative hybrid impact
calculation method. GWP results for HTG lettuce (LF5) within this
study were considerably smaller than those determined for Europe
primarily due to the low heating requirement in Sydney's
temperate climate.
Eutrophication has not been commonly reported in lettuce
studies. Mila i Canals et al. (2008) report values in the vicinity of
0.0015 kg PO4-e per kg lettuce for the stage from cropping to
market. Values reported in this study were approximately half
which was reasonable given transport from central market to retail
Fig. 4. GWP distribution for commercial lettuce farms LF1 (local) and LF4 (interstate) with post-harvest and at-market contributions exploded.
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Cerutti et al. (2014) state that eutrophication impacts depend on
climate and farming practices due to fertiliser and pesticide in-
fluences. This study determined that farming technology, as
opposed to climate, was the larger influence, with electricity used
within an HTG and diesel use having significant influence upon
results. In this study, eutrophication potential was lower where
growing technologies recycled water, such as in hydroponic LF3.
Water recycling would typically deliver lower eutrophication re-
sults in a high technology greenhouse utilising mobile gulleys as
opposed to planting directly into soil as modelled in LF5. Part of the
argument against Sydney's peri-urban farming includes claims of
adverse environmental impacts upon local waterways, with a study
on phosphorus (P) budgets determining very high rates of P
applicationwere being used (Hollinger et al., 2001). Findings within
this project serve to refute these comments, with local field lettuce
farms LF1 and LF2 following agronomist advice applying approxi-
mately half the rates claimed using either synthetic P application or
poultry litter.
Common across several impact categories were the influence of
inventory typically underreported in LCA studies, such as trans-
plants (nursery stage), packaging, irrigation infrastructure, organic
amendments and pesticides. In a review on vegetable product LCAs,
Perrin et al. (2014) comment that to the best of their knowledge no
literature regarding reporting of the nursery stage existed. Lack of
nursery data has been reiterated by Cerutti et al. (2014) in fruit
production. Hospido et al. (2009) include seed propagation within
their system boundary for a study on lettuce but inventory scope
was not explicated (for LCI list from this project see Table SI.1).
Results from this study illustrate the importance of considering
packaging, pesticides, organic amendments and nursery stage in
LCI as each have been shown to occur as hotspots in at least one
environmental impact category. Due to the effect of packaging on
the outcomes of several impact categories special consideration is
given in the Section 4.3 Packaging and environmental impact
below.
4.1. Environmental trade-offs
The possibility that local sourcing may be counterproductive
when emissions in other parts of the supply chain are consideredhas been highlighted (Garnett, 2011). Environmental impact
trade-offs may occur not only due to emissions from other parts
of the supply chain but between an array of competing envi-
ronmental impacts. Results of this study show that if environ-
mental policies were framed in the context of emissions
reductions, field lettuce farming would be favoured. Yet
trade-offs with both land and water impacts could occur, where
environmental performance of other growing technologies such
as outdoor hydroponic or a HTG was superior. Expansion to
include other environmental impacts important in peri-urban
regions, such as photochemical ozone depletion or human
health effects may yield further trade-offs to those reported in
this study.
Importance of spatially explicit data as inputs to LCA studies has
been described. Interpreting results of environmental impact and
LCA studies should be similarly dependent on regional specificities.
Such specificities determine the relative importance of different
environmental indicators for a given city or region. For example,
the Sydney basin sits within a geographically constrained region
surrounded by mountain ranges to the north, west and south and
ocean to the east. Land and water use for agriculture are corre-
spondingly in competition with housing, industry, turf and nursery
industries and environmental services. Results illustrate that the
direct use of the limited resources of land and water would be
optimised by use of alternate growing technologies such as hy-
droponics (LF3) and greenhousing (LF5). Selecting food production
methods based on emissions may overlook these technologies
despite their great capacity to deliver reduced emissions through
use of alternative renewable energy.
Clearly illustrated in the results for this study were the relative
merits of covered cropping where an alternative technology for
renewable electricity generation was applied. Using solar PV
electricity for baseload (such as for lighting and pumps) and
cooling requirements provided significant improvements in
greenhouse performance across three of the four environmental
impact categories. Comparative performance across the spectrum
of indicators chosen may arguably be at least equivalent to field
production. Opportunities within the peri-urban environment for
creating climate resilient food supply chain pathways need to
therefore investigate food production methods that may not be
the accepted norm for the region but that may offer increased
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technology.4.2. Regional food production networks
From a regionalised food production perspective, archetypical
urban development presumes displacement of food production
enhances economies of scale at some more remote location. If the
food system were bounded by consideration of only on-farm im-
pacts for GWP only, advocates for displacing local field lettuce (and
possibly other perishable horticulture) production may find sup-
port for their argument that remote but efficient food production
improves performance, with lower GWP results on-farm for LF4.
Yet, although the larger interstate farm LF4 exhibited optimal on-
farm GWP, the combination of packaging and interstate trans-
portation effectively negated the benefits from producing at a
larger farm that may employ better management practices and
grows to order, minimising loss due to economic factors such as
over-supplied markets. Local peri-urban farms were able to
‘outperform’ not only in at-market GWP but in additional cate-
gories such as land use, water use and eutrophication. Improve-
ments in the environmental performance of transportation and
packaging would benefit remote production of fresh food such as
lettuce.
Schlich and Fleissner (2005) concluded operational efficiency of
larger farms had a greater influence on ecological quality than
distance to market (albeit perishable food was not studied). Jung-
bluth and Demmeler in Edwards-Jones et al. (2008) countered this
pointing out limitations such as lack of regional data and incon-
sistent system boundaries. As seen in this project, although the
operational efficiency of a larger more remote farm exhibited
improved environmental performance for GWP at farm level, this
was not the case for produce sent to the Sydney central market, nor
did better environmental efficiency occur across all impact cate-
gories. Linking farm scale to ecological quality appears tenuous
when supply chain impacts are considered for perishable food such
as lettuce. Benefits for larger farms may exist in their capacity to
more readily achieve higher productivity through changes in pro-
duction technology (Sheng et al., 2011). Higher productivity using
improved technology is likely to reduce environmental impact at
farm level. Resilience to climate change is likely to require capacity
to shift production technology. Consequently, if smaller (peri-ur-
ban) farms have less capacity to shift technology to meet future
constraints, but can attain improved environmental performance,
government intervention may be required to reduce impediments
to improved viability for ‘local’ peri-urban farms.
Potential to further optimise environmental impact results by
improving viability of peri-urban farms exists. Evident during the
farm visits was the presence of a not insignificant exploitable yield
gap2, with annual productivity being lower than current best
practice yields. Uncertainty over length of land tenure in peri-urban
environments is a factor that may reduce capital investment.
Farmers may be reluctant to plan long term, relying on existing
sunk capital. Local peri-urban farms have little market surety in
that producing to order would be atypical, resulting in unclear
market expectations. Decisions on commodity and quantity to be
produced at the farm in any given season are left to individual
farmer judgement. If a shift to a more sustainable society implied
maximising food productivity, tighter producer-market2 Exploitable yield gap being the difference between peri-urban farm yields and
current best practice yields in eastern Australia. Exploitable yield gap differs from
potential yield gap, the latter describing the gap between current yield and
maximum yield possible under perfect conditions.arrangements may subsequently force a larger yield from peri-
urban farms. Changes in policy and market drivers could influ-
ence peri-urban productivity given the right circumstances.
4.3. Packaging and environmental impact
Due to the environmental impacts incurred in the post-harvest
stage, two aspects pertaining to packaging are elaborated in this
section. Firstly, the environmental burdens of packaging in the
post-harvest phase resulting from supermarket-induced com-
modity transformations leads to the need for more detailed future
assessment. Secondly, a strong suggestion is made for future LCA
studies to clearly explicate inventory for packaging due to potential
effects on environmental impact results and subsequent decisions
that may be made.
Jungbluth (2000) claimed that in the case of vegetables pack-
aging is irrelevant in its contribution to environmental scores.
However, westernisation of food consumption has induced
increasing transformation of commodity type foods into processed
formats (Guyomard et al., 2012). Lettuce has not escaped this drive
to obtain additional economic benefit through ‘sophistication’ and
differentiation of otherwise simple products. Glaser et al. (2001)
describe three presentation formats that typify the market for let-
tuce, distinguished by degree of processing: commodity; value-
added; and fresh processed. Commodity produce exhibit little
brand differentiation, and are often sold in bulk, such as lettuce
produced at LF1 and LF2. Value-added lettuce may be packed in
simple bags, such as twin bagging prior to cartoning, with the
processing able to be performed in the packing shed as done at LF4.
At LF4, where packaging formats were prescribed by supermarkets,
almost 50 percent of overall GWP impacts were attributable to
packaging. Corresponding to value-adding through extra packaging
were measurably larger environmental impacts. Retail outlets
exhibit some strategic behaviour in commodity sophistication (Li
and Sexton, 2005). In this context, supermarkets have a role to
play in decarbonising supply chainswhich in turnmay permitmore
prudent natural resource management.
Explicating packaging inventory is recommended for LCA
studies where packaging is included within system boundaries.
Choice of inventory from SimaPro data databases can create com-
plications in interpretation due to fundamentally different results
obtained. From the EcoInvent database, liquid packaging board
production for cartons used in the beverage industry is reported to
produce negative emissions at 5.25 kg CO2-e per kg of board. In
contrast, corrugated board box production yields 0.9 kg CO2-e per
kg box, with a higher result again in the Australasian Unit Process
database of 1.3 kg CO2-e per kg. Simplified assumptions pertaining
to fate of wood products and carbon storage are likely drivers for
large differences in what would be similar products, although the
“black box nature” of some inventory meant inputs were not
transparent. Although it has been estimated that up to 35 percent of
the carbon fraction of wood may remain as stored C over a 100 year
time horizon, this storage would typically occur in longer lived
wood products such as lumber and wood panels as opposed to
paper products (Mason Earles et al., 2012). Due to limited life of
paper products, even with recycling, it is possibly unlikely these
paper products would persist for a 100 year period as required for
carbon storage accounting (BSI, 2011), nor can waste pathways be
assumed. For this study, local requirements require cardboard
vegetable cartons to be single use. Although recycling may be an
option for certain boxes, it was anecdotally noted at the markets
that many cartons (including wax-coated) ended up in containers
earmarked for landfill. Consequently a conservative approach was
taken, selecting transparent inventory with no assumed recycling
of cardboard.
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In feeding a large city, food security policies based on the
premise that local food delivers better environmental performance
need to be evidence based, spatially explicit, produce dependent
with careful consideration of an array of impact categories relevant
to the region investigated. This study, by illustrating how low on-
farm impacts such as GWP for LF4 can be countered by post-
harvest operations, supports the concept that for a fresh perish-
able food such as lettuce, activities including packaging selection
and distance tomarket can have a large influence on environmental
impacts. Similar trends have been noted where road transport was
required for tomato products (Brodt et al., 2013; Page et al., 2012),
sugarcane (Renouf et al., 2006) and fruits and vegetables (Marquez
et al., 2010). With growth in urban populations of developed cities
expected to continue well into mid-century, great capacity exists to
mitigate emissions through careful choice of sustainable food
practices. Both local and de-localised food systems have a place in
meeting consumption requirements.
Creating climate resilient pathways for a developed city such as
Sydney may therefore require a multi-faceted approach to food
production involving: decarbonisation and shortening of supply
chains by retaining local commercial horticulture as a complement
to regional production networks; implementing local, high tech-
nology production methods, where renewable energy sources and
technological innovation can be optimally leveraged; improving
environmental performance of long-distance road transport;
providing governmental adjustment support to assist viability of
peri-urban commercial field farms and reducing exploitable yield
gaps; by challenging supermarkets to review packaging re-
quirements and associated impacts; while considering an array of
regionally relevant environmental impact categories. Re-
examination of cultural norms that suggest displacement of fresh
perishable food production to regional locations provides enhanced
environmental performance should be expedited through
evidence-based policy.
5. Conclusion
Environmental trade-offs within a regionalised production
network were analysed. For a fresh perishable vegetable product
this study determined that food miles do matter, with better
environmental performance across a range of indicators at local
peri-urban commercial farms as opposed to a larger interstate farm
due to post-harvest and at-market operations. Furthermore, with
large exploitable yield gaps at local peri-urban farms, capacity ex-
ists to further improve food system environmental performance by
maintaining local commercial peri-urban farms given adequate
policy and extension support. How intensification efforts affect
environmental debt per kg of lettuce would require further
assessment.
Examination of a wider range of regionally specific environ-
mental impacts should be considered with any environmental
claims on local food. Optimal land and water use and eutrophica-
tionminimisation for the Sydney region could involve some form of
HTG cropping, within a wider production network that also in-
cludes traditional field cropping. Optimal life cycle emissions
mitigation may occur in the form of a HTG using renewable energy
sources. Policy frameworks need to consider how trade-offs will be
assessed and managed as governments strive for emissions re-
ductions. Environmental impact categories other than emissions
may share importance in sustainability efforts depending on
regional priorities and stressors. Although time consuming, focus
for analysis needs to be closer to the product level as opposed to
aggregated sector level in order to obtain spatially relevantevidence about which food items should be retained, from an
environmental perspective, in the local commercial peri-urban
horticultural sector.
Inclusion of supply chain activities provided insight into which
food systems will potentially exhibit more resilience to possible
future fossil resource constraints while at the same time assist
climate mitigation efforts. Although several authors argue that
transport of food is considerably smaller than on-farm production
emissions, this study for a fresh perishable food reaching the Syd-
ney market suggests otherwise. Large supply chain impacts for de-
localised field production were evident. The combination of pack-
aging type and interstate road transportation effectively negated
the benefits from producing at a larger regional farm. Re-
examination of cultural norms regarding perceived benefits of
displacement of fresh perishable food production to regional lo-
cations should be expedited through evidence-based policy and
further empirical study.
Findings from this study included an increased packaging
environmental debt due to additional prescribed packaging. To
date, limited studies are publically available that investigate the
change in environmental burden placed upon commodity items
due to supermarket-induced product transformations. Increased
packaging (such as films, moisture absorbers and other technolo-
gies) designed to optimise shelf-life increase materials, processing
and associated transportation that may elevate environmental
impacts. Including consumer use and waste stages in further LCA
studies would be beneficial to determine if changes in consumer
processing such as washing or waste reduction occur with these
types of ready to use products that may offset likely environmental
impact increases.
Developed cities have great capacity to mitigate emissions
through careful choice of sustainable food practices. For cities to
continue to be a food secure with strong resilience to potential
future climate, fossil, land and water resource constraints, a multi-
faceted approach to fresh food production is recommended. Local
commercial peri-urban horticulture has been shown within this
study to provide the possibility for improved mitigation outcomes
within a regional commercial production network.
6. Limitations
This study is limited to analysis of lettuce on a city's central
market. At most, generalisations could potentially be made to other
fresh, low weight, perishable vegetables but a cautionary approach
is advised. With only one interstate farm modelled, analysis of
further interstate farms and supply chains is warranted, although
similarity in distances and processes meanmajor differences would
be unlikely. Other production types, such as organic, would be of
comparative interest. Impacts relating to consumption and final
waste were out of scope. For the purpose of this study, how and
where product arrives at the central market was assumed to be not
influenced by these retail and post-retail activities. Local food
networks serviced by niche providers were out of scope. Analysis of
production and distribution systems for these niche providers
would provide further insight into the ‘local food’ debate. The
production potential of such niche providers could also be assessed
in such a study.
Where background data was selected from the EcoInvent
database due to unavailable Australasian inventory, differences in
fuel and electricity mixes plus upstream transport distances may
occur. Leveraging literature where gaps exist in data for horticul-
tural processes introduces further uncertainty. Notwithstanding,
comparative LCAs such as conducted within this study illustrate
trends and it would be unlikely that the trends observed would
change. Recommendations for food production LCA studies include
A. Rothwell et al. / Journal of Cleaner Production 114 (2016) 420e430 429explicating packaging inventory and incorporating underreported
inventory such as nursery stage, organic amendments, pesticide
and packaging. Subsequent research will investigate indirect land
use change due to crop displacement from peri-urban Sydney. In-
direct land use change may increase impacts (Garnett, 2011;
H€ortenhuber et al., 2014).Acknowledgements
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a b s t r a c t
The environmental consequences of the decision to urbanise and displace peri-urban (PU) food pro-
duction are not typically evaluated within a comprehensive, cross-sectoral approach. Using a novel
application of life cycle assessment (LCA) within exploratory scenarios, a method for integrating housing
and food production land uses in PU regions is proposed, based on relative environmental impacts. Using
two housing types (greenfield and infill) and two types of food production (field and high-technology
greenhouse (HTG) lettuce production), environmental impacts for five exploratory land-use scenarios
are compared for PU land in a developed and growing city. Each scenario is able to house an equiva-
lent residential population whilst delivering equal quantities of fresh food to a city market. The results
clearly indicate that infill housing and food production has less environmental impact than greenfield
development. The environmental impact categories of climate change, freshwater eutrophication, pho-
tochemical oxidant formation, particulate matter formation and human toxicity are reduced by 25–43
percent under infill scenarios. Sparing PU land through infill housing development combined with sus-
tainable food intensification using HTG production, enabled multifunctional PU land-use including food
production, housing and afforestation while delivering lower relative environmental impacts. Urban
afforestation on PU land made available by these measures reduces the effect of climate change by up to
5 percent per hectare per year.
© 2015 Elsevier Ltd. All rights reserved.. Introduction
Urban areas have a substantial environmental impact in rela-
ion to their small absolute land area. Anthropogenic emissions
rom urban areas range upwards of 30 percent of the global
otal. Building-related greenhouse gas (GHG) emissions are pre-
icted to rise a further 50–150 percent by the middle of the 21st
entury as urban populations expand (IPCC, 2014). The expan-
ion of urban areas and the consequent direct changes in land
se may contribute to environmental burdens in other sectors,
ncluding the agriculture sector — for example, when housing
s allowed to extend onto peri-urban (PU) cropland, displac-
ng food production to more remote locations (Low Choy and
uxton, 2013). Since the agriculture sector contributes a fur-
her 14 percent of total global anthropogenic emissions (United
ations Human Settlements Programme, 2011), the combined
nvironmental impact of urban expansion replacing PU farms may
∗ Corresponding author.
E-mail address: alison.rothwell@uws.edu.au (A. Rothwell).
ttp://dx.doi.org/10.1016/j.landusepol.2015.06.017
264-8377/© 2015 Elsevier Ltd. All rights reserved.be significant. Typically, however, these consequences are not
evaluated comprehensively using a cross-sectoral approach. Few
environmental studies have attempted to analyse the continued
provision of fresh perishable food following displacement of PU
agriculture.
Furthermore, the potential trade-offs between different envi-
ronmental impacts that may occur have seldom been analysed.
For example, reductions in GHG emissions may coincide with
increases in other environmental effects associatedwith urban sys-
tems: increased particulate matter (Brochu et al., 2011); declining
water quality (Tong and Chen, 2002); increased ozone concen-
tration (Sicard et al., 2013); human toxicity; and water scarcity.
Inhaled particulate matter may contribute to human ill health;
declining water quality affects urban ecosystems. Increased ozone
levels may adversely affect certain materials as well as human
and plant health. Human toxicity results from the persistence of
harmful chemicals leading to toxicity in the environment and in
the food chain. Various chemicals are known to affect cognitive
development, with research indicating that children may be more
at risk in urban areas than in rural regions (Calderón-Garciduen˜as
et al., 2008; Liu and Lewis, 2014). A growing awareness of the need
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or efficient use of water resources in urban areas is reflected in
easures to secure water supplies and water-scarcity pricing is
eginning to appear on government agendas (Frontier Economics,
011). Comparisons within a suite of environmental impacts per-
it trade-offs to be examined, together with a clearer appreciation
f regional relevance.
The present study describes an approach for integrating hous-
ng and food-production land usage in PU regions, based on their
elative environmental impacts. Using combinations of two hous-
ng types with two types of lettuce production, the environmental
mpacts of five exploratory PU land-use scenarios were analysed
sing a life cycle assessment (LCA) approach. Primary data was
pplied wherever possible. All scenarios accommodate equal resi-
ential populations and deliver equal quantities of fresh food to a
itymarket. The possibility of further PU landuse, such as afforesta-
ion, was also explored. By incorporating both housing and food
ystem changes, the cross-sectoral approach adopted in the study
as produced a novel and comprehensive assessment of the envi-
onmental consequences of urban expansion displacing PU food
roduction.
.1. Peri-urban landscapes and food provision
PU regions are transitional zones between urban and rural dis-
ricts. Land in PU regions may be used for a multitude of purposes
housing, recreation, ecosystem preservation, commercial food
roduction and other primary industries. Spatially, there is no con-
istent worldwide definition of how far from a metropolitan centre
PU region might extend. For example, they may range from tens
o more than a hundred kilometres from a major centre. Popula-
ion densities are defined in some contexts, as in the European
LUREL project (Piorr et al., 2011) but, more typically, densities
emain undefined due to inter-country variation, with the focus
ontinuing to be on the competition for resources in PU regions
FAO, 1999). PU regions are often highly contested. Conflict is man-
fested at the level of governance: land-use planning is typically
ased on an urban–rural dichotomy that exhibits poor integration
f the demands of each. This may extend to the level of residents,
ith newer residents often possessing lifestyles that are opposed
o production values. In Australia, as in other developed nations, PU
gricultural regions have changed rapidly, historically succumbing
o urban development and sprawl (Piorr et al., 2011; Millar and
oots, 2012; Low Choy and Buxton, 2013). It is paradoxical that the
ommercial fresh food production capacity to support an increas-
ng urban population is therefore lost (Martin et al., 2008). In a
eveloped and growing city such as Sydney, for example, expected
opulation trajectories to 2061 will entail providing food for an
dditional 200 persons each day (ABS, 2013)1.
The opportunity to improve environmental outcomes for PU
evelopment by incorporating foodprovision into planning is often
ot recognised internationally (APA, 2007; Lovell, 2010; Zasada,
011; van der Schans and Wiskerke, 2012; Pires and Burton, 2013;
usso et al., 2014). Conventional commercial PU agriculture is often
issing from discussions about urban agriculture and its place in
rban planning. Metropolitan strategies in Australia, for example,
ave yet to proactively consider the continuing provision of fresh
ood from surrounding agricultural land. This is in contrast to the
rogress evident in cities such as Chicago, London and Vancou-
er (Budge, 2013). Such inattention to commercial PU agriculture
n urban planning is evident despite its significant contribution
o local (and regional) markets. For example, in the USA, urban-
nfluenced regions have been reported to produce most of the
1 Series B medium growth data for Greater Sydney.licy 48 (2015) 377–388
fruit and vegetables, at 91 and 78 percent respectively (American
Farmland Trust, 2013). In Sydney, PU vegetable production was
recently valued at 27percent of the value of production for the state
of New South Wales. The contribution of PU agriculture is larger
for specific crops, such as for lettuce at 53 percent (ABS, 2014)2.
Commercial PU agriculture performs a more vital role than other
forms of urban agriculture (e.g. community gardens and rooftop
gardens) whose output quantity is typically dramatically lower in
developed cities in the USA, for example (Brown, 2002). Direct-to-
consumer urban agriculture in the San Francisco foodshed, such as
community-supported agriculture, has been reported to contribute
only 0.75 percent of overall production value (Thompson et al.,
2008). Similarly, recent figures indicate that intra-urban vegetable
production in the Sydney metropolitan region contributes only 0.6
percent of the value of PU vegetable production (ABS, 2014).
Planning approaches that consider only the immediate impact
of urban development, yet ignore the displacement of commercial
food producers, remain incomplete and potentially flawed. Com-
prehensive environmental assessment of any decision to urbanise
PU horticultural lands requires that more than the urban system
alone be taken into account. The consequences of such deci-
sions cannot be fully understood unless the system is expanded
to include the impact both of housing and of horticultural sys-
tems. Such an awareness must include consideration of food
production displacement if the necessary food production to sup-
ply local retail markets is to continue. Informed decisions about
long-term, sustainable urban development are possible only if the
decision-makers have access to environmental data to complement
economic and social considerations. (Economic and social factors
are outside the scope of this study.)
1.2. Land-use integration in peri-urban settlements
If the interrelation of urban and agricultural systems is recog-
nised, the opportunity then arises for PU regions to support
environmental impact mitigation by integrating different land
uses. Policy instruments that encourage such strategies have been
recommended for minimising the lock-in risks associated with
urban land use and infrastructure life spans (IPCC, 2014). Since
PU regions are already typified by a wide range of land uses, it
would appear reasonable to assess their ability to incorporate sev-
eral functions, rather than limit them merely to the single function
of conversion to greenfield housing. Such functions may include
productive, cultural and ecological land use, which form three
dimensions of landscape multifunctionality (Lovell and Taylor,
2013). Multifunctionality in urban landscapes is emerging as a
necessity, since an obvious consequence of urbanisation is loss
of agricultural and natural land. Benefits associated with effective
multifunctional landscape planning include support and regulat-
ing services (e.g. carbon sequestration and afforestation) that flow
on to increased biodiversity and reduced urban heat-island effects;
however, despite the increasing application of the multifunctional
landscape concept to agro-ecosystems, there are few examples in
urban ecosystem planning (Lovell and Taylor, 2013).
Multifunctional combinations of land uses in PU regions will
generatedifferent environmental impacts tomonofunctional hous-
ing use. The extent of any difference between such environmental
impacts is not clear. Few studies of the environmental trade-offs
for alternative PU land-use scenarios have been reported, in which
housing, food production and co-benefits such as afforestationmay
be integrated. To fill this gap, several of the scenarios compared in
the present study comprise the elements of housing, fresh food
2 Data representative of the Hawkesbury–Nepean region, a PU area of Greater
Sydney.
Use Po
a
a
t
p
l
d
i
w
l
1
j
i
M
t
b
p
S
s
u
L
s
m
t
l
k
i
e
f
t
b
(
l
a
i
g
(
o
o
a
S
c
i
a
o
f
e
h
n
t
t
p
r
h
l
h
n
o
t
tA. Rothwell et al. / Land
nd afforestation. These three PU land uses of housing, fresh food
nd afforestation contain three elements of landscape multifunc-
ionality. Housing provides productive and cultural use, fresh food
rovision is a productive use and afforestation represents an eco-
ogical use. As urbanisation associated with population growth
rives ever-greater land-use change in the PU fringe, it becomes
ncreasingly urgent that we examine how to integrate options that
ill provide fresh food, housing and ecological benefits but with a
ower impact on the environment.
.3. Integrating environmental assessment
The lack of integrative planning for contested PU landscapes
ustifies moves to generate knowledge about alternative ways of
ncorporating food production into urban regions (Lovell, 2010;
cDonald, 2014; Nilsson et al., 2014). It has been noted elsewhere
hat there is a trend toward cross-sectoral, scenario- and systems-
ased approaches to sustainable land management and adaptive
lanning (Thabrew et al., 2009; O’Farrell and Anderson, 2010;
cholz et al., 2012; Hussey et al., 2013). Huang et al. (2010) has
uggested that, together with a cross-sectoral approach, bottom-
p perspectives are important in urban planning for sustainability.
CA has been put forward as a systems-based, bottom-up decision
upport tool for assessing the environmental impacts of planned
ultifunctional urban landscapes (Lovell and Taylor, 2013). In sus-
ainability science, Sala et al. (2013) emphasised the importance of
ife-cycle thinking when attempting to integrate transdisciplinary
nowledge. LCA supports the environmental aspect of sustainabil-
ty, since it provides evidence-based comparisons between the
nvironmental impacts of particular systems.
LCA is a globally recognised methodology (ISO, 2006a,b) that is
requently used in both the building and food sectors. Approaches
o environmental impact assessments in housing have traditionally
een confined to studies of buildingmaterials or building life cycles
material production, construction, operation,maintenance, demo-
ition and disposal) (Haapio and Viitaniemi, 2008). Horticultural
nd food environmental impact assessments also use LCA, where
n this case the assessment may be restricted to cradle-to-farm-
ate, or may include life-cycle impacts for the system post-farm
e.g. packaging, transport or consumer use and waste, depending
n the study purpose). However, the environmental assessment
f buildings is usually carried out in isolation, without consider-
tion of land-use changes or other consequences of urbanisation.
imilarly, horticultural environmental impact studies are typically
onducted independent of alternative land-use considerations.
In the present study, LCA was used in hypothetical scenarios to
ntegrate data from these traditionally disparate fields of housing
ndhorticulture. Scenariodevelopmenthasbeenproposedasaway
f informing future urban growth patterns with sustainable multi-
unctional landscapes and transitions (Wiek et al., 2006; Beardsley
t al., 2009; O’Farrell and Anderson, 2010). The inclusion both of
ousing changes and the consequent food production changes is a
ovel application of LCA, whose capacity to examine environmen-
al impacts other than emissions was exploited. It was appreciated
hat studies that compare alternative land-use should also consider
otential environmental trade-offs.
In summary, in this paper a method of assessing the envi-
onmental impacts associated with the decision to urbanise
orticultural landwaspresented. Scenarios combining twokinds of
ettuceproductionand two typesofhousingwere compared for one
ectare (1ha) of PU land in a developed and expanding city. All sce-
arios specified that equal quantities of fresh food and the housing
f equal residential populations were to be provided. Multifunc-
ional land-use options explored within several scenarios included
hose providing co-benefits such as urban afforestation. LCA waslicy 48 (2015) 377–388 379
used to generate a detailed inventory for each scenario as data for
quantitative environmental impact analysis, which considered:
• The housing system, including construction, operation and trans-
port.
• The food system and the associated change in the environmental
impact as a result of displacement of PU food production.
• Alternative food production technologies that spare PU land by
using high-productivity methods, enabling co-benefits such as
afforestation.
• The environmental impact trade-offs, by investigating a range of
impact indicators important to both PU and urban systems.
2. Methods
In all scenarios, 1ha of PU land was required to house equal
populations and produce the same quantity of fresh food. The food
was required to be delivered to the city’s central fruit and vegetable
market (SydneyMarkets®, Homebush,NSW). (The subsequent food
supply chain, including consumption, was outside the scope of this
study.)
A housing system and a food production system were assessed
in each scenario. The housing system was represented by the two
contrasting housing types of greenfield and infill. Greenfield hous-
ing development is a known cause of PU land-use change, due to
its taking possession of agricultural land in expanding cities. Such
developments are often termed greenfield sprawl’. Conversely, in
urban planning the compact city is the generally accepted model
for environmental sustainability (Neuman, 2005; Gleeson, 2012;
Westerink et al., 2012). Froman environmental impact perspective,
compact growth usually produces better environmental outcomes
(Beardsley et al., 2009; Shearer et al., 2009; Bierwagen et al., 2010;
Schetke et al., 2012; Thorne et al., 2013). Compact city strate-
gies promote urban consolidation, such as the development of
apartments in existing urban centres (Randolph and Tice, 2013).
Consequently, the two disparate housing types were compared:
new greenfield houses in PU regions, and medium-density infill
apartments in existing suburban centres. Infill apartments were
required to house the same residential population as a greenfield
development on 1ha of PU land.
Within the food production system, field production and a high-
technology greenhouse (HTG) were modelled for lettuce. Lettuce
was selected as the crop because of the quantity produced and
its year-round production in the PU region, its perishability and
because it is a food staple (Hall et al., 2014). The two growing tech-
nologies yield very different quantities per unit area of land. The
higher yield ofmodern lettuce production technologies, including a
HTG, spares land from cultivation for other purposes. Afforestation
was the chosen alternative PU land-use option in the study.
Existing PU land was considered to be horticultural. The geo-
graphical scope was represented by Sydney, Australia, where
outer urban greenfield housing is characterised by urban sprawl,
although a trend toward increased infill housing development has
been reported (Rowley and Phibbs, 2012). Similar urban sprawl
occurs in many developed and developing nations (Richardson and
Bae, 2004; Siedentop and Fina, 2012), accompanied by the absorp-
tion of PU farmland (Boume et al., 2003; Imhoff et al., 2004; Simon,
2008).Scenario narratives are described in Section 2.1. Following sce-
nario development, LCA was used to generate detailed inventory
and parameters in support of the narratives, in order for quantita-
tive environmental impact analysis to occur (Section 2.2).
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Table 1
Peri-urban (PU) land-use scenario narratives.
Scenario Narrative
G F
Housing system 1ha of PU horticultural land is transformed to greenfield housing (detached single dwellings)
Horticultural system 1ha of PU field lettuce production is displaced by greenfield housing to a more remote field production location. The remote field farm is
required to produce and transport the same quantity of produce to the city’s central fruit and vegetable market as the displaced PU farms
Afforestation Nil
I F
Housing system The same population as that housed in scenario G F is housed in infill, inner suburban apartment-type housing. There is no change to the
1ha of PU horticultural land as a result of housing
Horticultural system PU field lettuce production is maintained on 1ha of existing PU horticultural land
Afforestation Nil
I HTG A
Housing system The same population as that housed in scenario G F is housed in infill, inner suburban apartment-type housing. There is no change to the
1ha of PU horticultural land as a result of housing
Horticultural system PU field lettuce production has been replaced by a HTG
Afforestation The reduced land area requirements of a higher-output HTG spares PU land for afforestation
70I:30G F
Housing system An area ratio of 70% infill, inner suburban apartment-type housing to 30% detached greenfield single dwellings. Thus, 1ha of existing PU
horticultural land is converted to 0.3 ha of greenfield housing. There is no other change to the 1ha of PU horticultural land. The balance of
housing is infill in inner suburban regions
Horticultural system Field lettuce production is retained on the remaining 0.7ha of existing PU horticultural land. The balance of lettuce production is
delivered to the city’s central fruit and vegetable market from a more remote field production location
Afforestation Nil
70I:30G HTG A
Housing system An area ratio of 70% infill, inner suburban apartment-type housing to 30% detached greenfield single dwellings. Thus, 1ha of existing PU
horticultural land is converted to 0.3 ha of greenfield housing. There is no other change to the 1ha of PU horticultural land. The balance of
housing is infill in inner suburban regions
Horticultural system PU field lettuce production has been replaced by a HTG
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.1. Land-use scenarios
Each of the five land-use scenarios for 1ha of PU land incor-
orates a housing system and a horticultural system; several
lso include afforestation. The requirement to ensure that equal
esidential populationswere housed and equal food quantities pro-
uced was central to the scenario narratives described in Table 1.
he corresponding breakdown of the area of PU land required for
ousing, foodproduction and afforestation in each scenario is given
n Table 2. The different compositions of the land area was funda-
ental to the purpose of the study. One hectare of PU land (the
unctional unit of the study) was the benchmark for the life-cycle
nventory (LCI) within the LCA.
Scenarios combining greenfield housing with field lettuce pro-
uction involve either a complete (G F) or partial (70I:30G F)
isplacement of existing PU field lettuce production. Average
nnual yields for 1ha of PU field lettuce production averaged 61
onnes (the data for field lettuce production, both PU and remote,
s derived empirically in Section 2.2.2). Whether complete or par-
ial replacement of this quantity was needed, depended upon how
uch of the PU land was claimed for housing. Whereas the sce-
arios involving greenfield housing caused a displacement of PU
ood production, scenarios with infill housing for an equal pop-
lation (I F, I HTG A, 70I:30G HTG A or 70I:30G F) enabled some
roportion of PU lettuce production to be retained.
Scenarios that included a PU HTG lettuce production technol-
gy needed a smaller land area to produce the same quantity of
ettuce, enabling some proportion of the same area of PU land to
e used for other purposes — afforestation, in these cases. The area
f land made available for afforestation in this way depended upon
he ratio of infill to greenfield housing and the HTG lettuce yield,
he yield in this instance being 266 t per ha per year (I HTG A and
0I:30G HTG A).All developed cities are marked by a combination of housing
tyles. In scenarios 70I:30G HTG A and 70I:30G F, a ratio of 70 per-
ent infill to 30 percent greenfield housing was adopted, based ontarget ratios for new dwellings within the Metropolitan Plan for
Sydney 2036 (NSWDOP, 2010). Although area is not a perfect proxy
for a target by dwelling type, the aim was to show the comparison
between areas of mixed housing types and areas of all greenfield
and all infill types; the approach was therefore suitable for the
purposes of illustration.
2.2. Life cycle assessment modelling of scenarios
Process-based LCA using SimaPro 8.0.4 software (PRé
Consultants, 2014) was used to model the different scenarios
on 1ha of PU land. System boundaries and LCI for both the housing
and horticultural systems are shown in Fig. 1. Within SimaPro,
LCI were selected from either the Australasian database (Life
Cycle Strategies, 2014) or EcoInvent database (Weidema et al.,
2013). Sections 2.2.1 and 2.2.2 describe the detailed housing and
horticultural system data used in the LCA. The environmental
impacts characterised are defined in Section 2.2.3. The parameters
representing greenfield housing (i.e., sizes of land parcel and
house) are specific to Sydney, Australia; different values may be
appropriate for other cities, but the analytical framework should
be transferable.
2.2.1. Housing system
For greenfield housing development, the house modelled was
a fully detached 300m2 single storey brick veneer structure on a
concrete slab foundation (Crawford, 2011) situated on a 500m2
parcel of land. Fourteen such houses can be accommodated on
1ha of land, after allowing for road area. Road area was provided
by a land developer for a new greenfield housing precinct (Land-
com, personal correspondence, 4 July 2012) and adjusted for 1ha
in proportion to the total developed area. The number of persons
per hectare in a greenfield housing development was calculated
by multiplying the number of houses per hectare by the aver-
age household of three persons, giving 42 persons per hectare.
Household size was determined from spatially representative data
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Table 2
Description of PU land-use demand for 1hectare of PU land.
Scenario Functional unit: 1ha PU land Balance of food production
Housing system
(per ha PU land)
Horticultural system
(per ha PU land)
Other
(per ha PU land)
G F Greenfield Field Field production, 61 t lettuce,
remote location
1 0 0
I F Infill Field Field production, 61 t lettuce, PU
location
0 1 0
I HTG A Infill HTG Afforestation HTG production (higher
productivity than field, requires
less land), 61 t lettuce, PU location
0 0.23 0.77
70I:30G F 30% Greenfield Field Field production, 61 t lettuce, both
PU and remote location to produce
balance
0.3 0.7 0
Infill (balance)
0
70I:30G HTG A 30% Greenfield HTG Afforestation HTG production (higher
productivity than field, requires
less land), 61 t lettuce, PU location
0.3 0.23 0.47
Infill (balance)
0
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aFig. 1. Life cycle inventory captured within the system b
pecific to locationswhere greenfield development has been occur-
ing in north-western and south-western Sydney (ABS, 2011)3.
Using the figure of 42 persons per hectare, the corresponding
umber of medium-density mid-rise (four- to six-storey) infill-
tyle apartments (OECD, 1999) was calculated. Housing statistics
or the inner west of Sydney indicate two persons per household
or apartments four storeys and higher (ABS, 2011)4. Thus a total
f 21 infill apartments are required to house the same population
s 1ha of PU greenfield housing. Infill housing was assumed to be
uilt on existing vacant urban land with no further implications for
U land use.In addition to the inventory of construction materials, inven-
ories for home operation and occupant transport were also
ssembled for each housing type. Household transport (household
3 Data aggregated at ABS statistical level 4.
4 Data aggregated at ABS statistical level 4.ry for: (a) the food system; and (b) the housing system.
travel kilometres) for the two housing types was determined from
the Household Travel Survey (NSW Bureau of Transport Statistics,
2014). Household travel kilometres (for the same representative
subregions as for household size) were extracted from household
travel distance per average weekday and by mode (vehicle driver,
train, bus). Annual travel kilometres by mode was calculated on
the assumption of a five-day working week for 48 weeks of the
year. LCI in SimaPro representing kilometres travelled by car, bus
and train includesproductionandmaintenance components.Hous-
ing operational energy was determined for greenfield and infill
housing based on the same regions as above, using data from the
Australian Energy Regulator (AER, undated). Operational energy
includes heating and cooling, but does not include areas of com-
munity title (in the case of infill housing). Housing operational
energy reflects the grid electricitymix forNSW(coal, oil, gas, hydro,
wind), including transmission losses. Household water use was
based on figures for average household consumption per housing
type (IPART, 2004).
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Sensitivity to using twenty percent renewable energy split
0:50 between solar photovoltaic (PV) and wind for operational
nergy within the housing system was conducted. Twenty per-
ent renewable energy approximates targets established for overall
nergy mix within the Renewable Energy Directive for the year
020 (EC, 2009)..2.2. Horticultural system
Each scenario was required to produce the same quantity of let-
uce for delivery to the city’s central fruit and vegetable market.d-use scenarios: (a) climate change (kg CO2-eq); (b) freshwater eutrophication (kg
-eq); (e) human toxicity (kg 1,4-DB-eq); (f) water scarcity (m3).
Data from two PU field lettuce farms and one remote field farm in
the stateofVictoria,Australia,wereobtainedusingapre-structured
questionnaire during interviews with farmers. An average yield of
61 tonnes per hectare per year of field-produced lettuce in the
PU area was determined from the PU lettuce growers. Where field
lettuce production was displaced by greenfield housing, displaced
producers were assumed to move to a more remote location with
the capacity to expand production. For this study, this location was
interstate, approximately 900km distant (in Victoria). Farms from
this location already supply the local city market in competition
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Fig. 3. Effect on climate change per hectare of PU land per year for greenfield (G F)A. Rothwell et al. / Land
ith PU farms. Similar large transport distances are found in other
arts of the world where commercial produce is imported from
ore distant regions, such as Italian or Spanish fruit and vegetables
xported to other parts of Europe. All scenarios, including displaced
orticultural production, were required to supply 61 tonnes of let-
uce to the city’s central market, as currently supplied by PU field
arms.
In addition to field lettuce, a lettuce production system using a
TG was included in scenarios developed for the PU area. Data was
btainedusing apre-structuredquestionnaire fromagrower in The
etherlands, sinceno similar productionexists inNSW.Corrections
o energy consumptionweremade for the Sydney climate. TheHTG
as assumed touse solar PVenergy for cooling andbaseloadenergy
equirements.
.2.3. Environmental impacts characterised
Five environmental impact categories relevant to urban areas
ere analysed using the ReCiPe midpoint (hierarchical) method
Goedkoop et al., 2009) in SimaPro: climate change (kg CO2-eq to
ir)5; freshwater eutrophication (kg P-eq to freshwater)6; photo-
hemical oxidant formation (kgNMVOC to air)7; particulatematter
kg PM10-eq to air); and human toxicity (kg 1,4-DB-eq to urban
ir)8. A 100-year timeframe for climate impact was adopted. Water
carcity (m3) was determined using the method in SimaPro of
fister et al. (2009).
.3. Key assumptions
Fifty-year lifespans were assumed for housing capital infras-
ructure. Assumptions of farm capital infrastructure lifetimes have
een detailed in Rothwell et al. (2015b). The use of data aggre-
ated by geographical region for household operational energy,
ransport and size may cause some under- or overestimation, since
ome degree of combination of housing types co-exists in each
egion; however, it ensures that spatial relevance is maintained
hen sourcing data from different datasets, such as the travel sur-
ey (NSW Bureau of Transport Statistics, 2014), ABS statistics (ABS,
011) and Energy Regulator (AER, 2015 undated). In scenarios that
nclude afforestation, a biomass carbon sequestration rate of 3 t
/ha/yr was used, this value being in the vicinity of data reported
or various Australian conditions (Hobbs et al., 2013; Paul et al.,
008). Soil carbon sequestration rates in eucalypt forest are report-
dly relatively low; a value of 0.1 t C/ha/yr has been suggested (Paul
t al. in Czimczik et al., 2005).
Data for farms and greenfield housing was collected for larger
and areas, but reduced for reporting to 1ha land parcels to ensure
common functional unit in the LCA. The extent of the emphasis
n different housing styles or on different agricultural systemsmay
odify the results. An exhaustive analysis of PU housing develop-
ent and agricultural food displacement would be a considerable
enture, and requires further research.
. Results
The environmental impacts of climate change, freshwater
utrophication, photochemical oxidant formation, particulatemat-
er, human toxicity and water scarcity were analysed for the five
and-use scenarios (Fig. 2). The housing system was found to be
ominant in each environmental impact category; a clear trend
as the better environmental performance of the infill housing
5 CO2: Carbon dioxide.
6 P: Phosphorus.
7 NMVOC: Non-methane volatile organic carbon compound.
8 1,4-DB: 1,4-dichlorobenzene.and infill (I F) housing and food scenarios for present-day electricity mix vs. 20
percent renewable energy mix split 50:50 between solar PV and wind for housing
operational energy.
and food scenarios (I F and I HTG A) compared to greenfield (G F)
across the indicators selected, with the blended 70I:30G scenarios
falling between them. Afforestation mitigated the climate change
impact of the infill scenarios by up to 5 percent per hectare per
year (I HTG A and 70I:30G HTG A). A more detailed analysis of the
drivers within each impact category is given in the following sec-
tions.
3.1. Climate change
The poorer environmental performance of the greenfield hous-
ing and food scenario was highlighted, with a 25 percent increase
in climate change impact compared to infill housing (Fig. 2(a)).
Scenarios using a HTG with afforestation to replace field lettuce
production, such as I HTG A and 70I:30G HTG A, demonstrated
small but measurable gains in emissions reduction compared to
their field production counterparts, I F and 70I:30G F. Hotspots sig-
nificant for climate change were coal-based generated electricity
for operational energy in the housing system (45–62 percent of
total), motor vehicle transport (21–35 percent), housing construc-
tion (7–8 percent) and lettuce production and delivery to the city
market (8–9 percent). The dominant influences on motor vehicle
transport included petrol during use and steel during manufacture.
Transport by bus and train produced only minor contributions, at
approximately 1 percent. Afforestation mitigated climate change
impacts for I HTG A and 70I:30G HTG Aby 5 and 3 percent, respec-
tively.
3.1.1. Sensitivity to renewable energy
Sensitivity to a 20 percent renewable energy target for hous-
ing system operational energy was determined; the results are
presented for climate change only (Fig. 3). Using a 20 percent
renewable energy target split equally between wind and solar PV,
reductions in climate change impact of approximately 9 percent for
both the greenfield (G F) and infill (I F) housing and food scenar-
ios occurred. Reductions were observed in other impact indicators,
with the exception of slight increases in freshwater eutrophication
(2–5 percent) and water scarcity (no apparent change). Increased
freshwater eutrophication results from the use of copper in solar
PV cell manufacture.
3.2. Freshwater eutrophicationReductions in freshwater eutrophication of approximately
35–43 percent occurred in the infill scenarios I HTG A and I F,
respectively, compared to the greenfield scenario G F (Fig. 2(b)).
Motor vehicle transport (64–81 percent of total eutrophication
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mpact) and lettuceproduction (2–31percent) produced thebulkof
reshwater eutrophication. Petrol, steel, copper and wiring boards
ominated eutrophication effects from motor vehicle use and
anufacture. Phosphate fertilisers and copper-based fungicides
trongly influenced field lettuce production. For housing construc-
ion (5–9 percent), concrete products, glass wool insulation and
opper were the greatest contributors to eutrophication. The HTG
I HTG A) produced more freshwater eutrophication than field let-
uce (I F) due to its greater electricity-related component, despite
ower eutrophication impacts from fertilisers used therein.
.3. Photochemical oxidant formation
Infill scenarios I F and I HTG A showed approximately 25 per-
ent less photochemical oxidant formation than the greenfield
cenario G F (Fig. 2(c)). Coal-generated electricity for house oper-
tion (40–55 percent of photochemical oxidant formation), motor
ehicles (18–30 percent) and housing construction (9–11 percent)
ominated the housing system. Transport of lettuce to market pro-
uced a 9–14 percent impact. Less on-farm diesel fuel was used
n HTG lettuce production, giving a lower photochemical oxidant
ount than field farming. Reusable polypropylene crates for har-
ested lettuce inHTGproduction resulted inabetter environmental
erformance than the single-use cardboard carton method of sev-
ral field farmers.
.4. Particulate matter
The impact of particulate matter was 25 percent lower in the
nfill housing and food scenarios I F and I HTG A than in green-
eld G F (Fig. 2(d)). Coal-based electricity generation for house
peration again created the predominant impact (44–60 percent),
ith motor vehicles (18–31 percent), housing construction (8–11
ercent) and lettuce at market (8–9 percent) also being major con-
ributors. Similarly to photochemical oxidant formation, packaging
ype and on-farm diesel use were the main contributors of partic-
late matter in the lettuce-growing system.
.5. Human toxicity
The infill scenarios led to around 28 percent less human toxicity
han greenfield, as illustrated in Fig. 2(e). The predominant impact
n the system was caused by coal-based electricity for house oper-
tion (38–57 percent of total). Other significant influences included
otor vehicles (26–42 percent), lettuce atmarket (9–10) and hous-
ng construction (5–7 percent).
.6. Water scarcity
The infill scenario I HTG A exhibited 26 percent lower water
carcity than G F, whereas scenario I F increased it by 9 percent.
otable drinking water used by household residents produced high
ontributions in all scenarios, at 56–84 percent of impact. Motor
ehicles (3–7 percent), housing construction (4–5 percent) and
lectricity for house operation (less than 5 percent) were relatively
inor contributors.
Contributions of the horticultural system to water scarcity
anged from 2 percent in scenario G F and I HTG A to 34 per-
ent in I F. The extent of water scarcity in field lettuce production
epended on both the water source and the water stress index for
rrigation water used on the farm. Regarding water source, greater
ater scarcity impacts resulted if river water was used in the LCI toepresent farm irrigation, as was the case in one of the two PU field
arms examined in scenarios I F and70I:30G F.When surfacewater
as used fromdams on the farm, aswas done at the remote farm in
cenario G F, lower scarcity impacts resulted. Changing the waterlicy 48 (2015) 377–388
source from river’ to surface’ water for the given PU farm resulted
in significantly lowerwater scarcity results, as in scenarios I HTG A
and 70I:30G:HTG A. For example, the contribution to total impact
from the lettuce farms in scenario I F dropped from 34 percent to
2 percent when surface water rather than river water was selected
in the LCI.
4. Discussion
PU land use conflict is a problem defined differently by stake-
holders in an often contradictory public space. Conflicting goals
are evident, such as housing an increasing population as opposed
to using the land in a productive or ecosystem-regulating capac-
ity. This study proposed a method of integrating opposing goals
within a framework of environmental outcomes. Acknowledging
that there is no right’ solution to PU land management, careful
consideration of the environmental impacts of feeding and hous-
ing a projected population in a comprehensive life-cycle approach
provides an evidence base for addressing competing claims.
Differently from previous studies was the novel use of a cross-
sectoral systems-based approach to analyse the environmental
consequences of decisions to urbanise PU horticultural land and
thereby displace PU food production. The impacts of both aspects
were evaluated using this comprehensive approach rather than
within isolated sectors, or not at all. LCA has provided an innovative
systems-based solution for informing complex decision-making by
providing environmental data that may balance social and eco-
nomic factors as a sustainable policy objective. Results show that
when both housing and food displacement are considered, the
housing system still dominates environmental impacts.
4.1. Overall environmental impacts
Results for the environmental impact categories of climate
change, freshwater eutrophication, photochemical oxidant forma-
tion, particulate matter and human toxicity showed that the infill
scenarios I F and I HTG A are able to provide the same housing and
food production as the greenfield scenario G F, while simultane-
ously providing improved environmental performance. Depending
uponthecategoryanalysed, theenvironmental impactwas reduced
by 25 to 43 percent. The blended 70I:30G scenarios either permit-
ted retention of some field production (70I:30G F) or allowed for
HTG production to be introduced together with a level of afforesta-
tion (70I:30G HTG A). Both of the blended scenarios performed
markedly better than the greenfield scenario G F.
4.1.1. Housing system
The trend of poorer environmental performance of outer subur-
bangreenfieldhousingcompared tomedium-density infill housing,
as occurred within this study, has also been noted elsewhere
(Camagni et al., 2002; Duffy, 2009). The better environmental per-
formance of the infill housing scenarios was primarily due to the
higheroperational energyand transport requirementsof thegreen-
field housing type. Car travel and coal-generated electricity for
household operation were found to be the dominant drivers of the
large impacts of both housing types; bus and train travel typically
accounted for less than2percentof all theenvironmental indicators
for both systems.
Due to the fossil intensive nature of these drivers, significant
opportunity to reduce environmental impact is associated with
strategies that either reduce final energy consumption or reduce
impacts from primary energy generation. Reducing final energy
consumption would require major urban infrastructure changes,
such as energy-efficient housing and better public transport net-
works to service both inner and (especially) outer urban greenfield
areas. The high cost of such infrastructure modifications dictates
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hat these are longer-term strategies. Transforming the generation
f primary energy from fossil fuels to renewable energy sources
ould represent a technology leapwith the capacity formore rapid,
ccessible and sweeping changes indevelopedurban centres. Exist-
ng electricity transmission infrastructure may be utilised. The use
f renewable primary energy sources is recommended as a strat-
gy for reducing environmental impacts in PU areaswhere housing
nfrastructure is already established, as well as in new greenfield
evelopments.
Continuing to pursue greenfield development rather than infill
evelopment in the current resource-intensive culture may have
he effect of locking society into emissions-intensive pathways. The
ensitivity analysis illustrated in Fig. 3 highlights the fact that even
renewables target of 20 percent applied to housing operational
nergy in the greenfield scenario G F cannot deliver the environ-
ental performance of the infill scenarios I F and I HTG A before
he renewable energy target was applied. This reveals a need to
nvestigate alternatives to greenfield housing that displaces fresh
ood production, in order to avoid the risk of infrastructure lock-in.
Although this studywas limited to environmental performance,
vidence in favour of developing more compact cities has also been
ouched in economic terms: after infrastructure costs, social ser-
ices and externalities, infill housing costs have been calculated
o be less than those for greenfield housing (Biddle et al., 2006;
IE, 2010). The present study, which has taken a unique, new per-
pective on PU environmental impacts, supports a compact city
pproach, complementing the findings of others.
Evidence suggests that compact city formswithpreserved green
pace is a more sustainable planning option, yet urban expansion
ften continues to be the norm, with PU land simplistically seen
s land-in-waiting for urban expansion. Housing dominated all the
nvironmental impacts that were analysed. Policies for improving
rban environmental sustainability need to focus on structuring
ities with appropriate low-impact housing.
.1.2. Horticultural system
As electricity and fuels shift to renewable sources over time, the
ominance of housing operational energy and private car trans-
ort may decline and the horticultural system may gain in relative
nvironmental importance; hence the food system should not be
verlooked. The need to feed a growing population, together with
he potential impacts of rising temperatures and changed water
vailability in a business-as-usual climate-change scenario will
equire a diversity of adaptations. Diversitywithin the supply chain
mproves resilience to weather extremes. Solutions include inte-
rated local and regional supply networks sourced from both field
roduction and high-technology protected cropping.
Horticultural LCA studies in northern Europe comparing field
roduction to greenhouse technologies have found that when
o-generation or waste heat energy sources were used as the
reenhouse energy source, environmental results were better
han for field-grown food imported from more remote locations
Nordenström et al., 2010). Using solar PV technology for cool-
ng and baseload energy in the present study produced similar
esults for several environmental indicators. Apart from the impact
ategory of freshwater eutrophication, using a modern fresh food
roduction technology of a PU HTG in combination with medium-
ensity infill apartments provided optimal environmental impacts
cross the range of indicators analysed. However, this optimal
ypology of housing and food production technology is currently
typical for aWestern developed city such as Sydney,where sprawl
nd low rates of HTG adoption are characteristic.Surprisingly, freshwater eutrophication in the HTG exhibited
higher impact than field lettuce farms due to manufacture of
olar PV cells. The contribution of fertilisers in HTG production
o eutrophication was lower per kilogram than for produce fromlicy 48 (2015) 377–388 385
field farms; however, countering this and increasing the eutrophi-
cation impactwas thegreater electricityusage. Copperused in solar
PV cell production and disposal of associated sulfidic tailings were
dominant influences on HTG photovoltaic electricity generation. A
second influence was the use of lignite (brown coal) to generate
the electricity required in the manufacture of PV cells, as well as
for the disposal of associated copper mine spoil. These eutrophica-
tion effects are likely to impact in the country of manufacture (e.g.
China). Obviously, depending on themanufacturing location for the
solar cells, lignite may be used in different proportions or not at all,
thereby changing the eutrophication impact.
Water scarcity exhibited similarly unexpected results. Water
scarcity is a measure of the extent to which water withdrawals
by consumers deprive other users of fresh water in a given geo-
graphical region (Pfister et al., 2009). In the present study, different
results were obtained depending on the source of irrigation water
in the horticultural system that was selected in the modelling soft-
ware. Of the two PU field farms in the study, one used water from
dams on the farm (surface water’) for irrigation; the second farm
used river water. The water-scarcity impact per hectare of produce
was several orders of magnitude lower when surface water was
selected, as opposed to river water, in the LCI, despite river water
being a form of surface water. For the PU HTG, no change was seen
in the water scarcity result regardless of water source, whether
drinking water, surface water or process water. The differences in
the impact of river- and surface water were seen despite the water
supply for both farms being in the same hydrological catchment,
where water scarcity would be expected to be independent of sur-
face water type. This apparent anomaly suggests that the method
of modelling water flow within a given inventory in SimaPro may
require further analysis.
The sensitivity todifferentwater source typeswithin thebounds
of a single hydrological catchment may have ramifications for
decision-making. It may be necessary to modify water scarcity
methods for water sources specific to either urban or PU regions, if
its representation inurban regions is tobe improved.As it stands, all
water within a single hydrological catchment should be handled in
the same way by the present water scarcity method. However, the
river water used in field farming may potentially be less in demand
for urban consumers than potable water, but an HTG may compete
with residential or industrial potable and/or recycled water users
unless self-contained. In urban environments, water taken from
different water sources may deprive other users in the same catch-
ment, thereby raising local water-scarcity issues. Different urban
water sources may require assessment at the sub-catchment level.
4.1.3. A wider range of environmental impacts
Overall, the examination of a broad range of environmental
impacts as set out in this study enables decision-makers to evaluate
potential trade-offs with respect to the use of different food pro-
duction technologies and housing types in a region. Findings from
this study did not detect substantial trade-offs between scenarios;
rather, the environmental impacts showed a relatively consistent
trend. Despite the unexpected water scarcity results discussed
above, the infill scenarios consistently showed better environmen-
tal performance across a wide range of impact categories relevant
to PU areas in a dominant trend.
4.2. Land use integration in peri-urban settlements
Sparing PU land by developing infill housing and, at the same
time, using HTG methods to increase food output as in scenar-
ios I HTG A or 70I:30G HTG A released some PU land for other
purposes — afforestation, in the present case. In those scenarios,
multiple functions (food production, housing and afforestation)
were co-located in the urban landscape and simultaneously pro-
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uced lower environmental impacts than monofunctional land use
uch as greenfield housing. Together with co-location, multifunc-
ional land use typically requires interaction between the functions
Selman, 2009). Beneficial interactivity is evidenced by the grow-
ng of fresh food for the urban population, combined with business
nd employment opportunities afforded through implementation
f competitive advanced food production technologies. At the eco-
ogical level, advanced high-output food productionmethods spare
and for afforestation, whose synergistic effects include the sup-
ort and regulation of eco-services, and better human health and
esthetics.
With regard to climate change, gains due to afforestation are
ikely to occur over a long period, possibly as long as 100 to 150
ears as forests re-establish and reach equilibrium. Carbon seques-
ration is one of the many benefits brought by afforestation. No
omplete environmental measure of the co-benefits of establish-
ng parkland by afforestation has been included within this study.
iodiversity and carbon sequestration benefits from afforestation
ay be accompanied by less tangible benefits such asmicroclimate
ontrol, improved air and water quality, and recreation and visual
menity. Given the historical human interference in native biomes
nd the resources required to re-establish a pre-anthropogenic
tate, afforestation within PU landscapes would be more likely to
ntroduce novel ecosystems with characteristics such as changed
ombinations and relative abundances of species (Hobbs et al.,
006). Novel ecosystems represent an opportunity to improve the
unctioning of urban systems, to support sustainability, conser-
ation and biodiversity (Francis and Chadwick, 2013) along with
ther socially desirable amenity values. PU areas are of particular
mportance to biodiversity: for example, 50 percent of Australia’s
hreatened species reside in PU habitat (Yencken and Wilkinson,
000).
The present study has demonstrated that multifunctional PU
and use is feasible, in which the often conflicting needs of housing,
ood production and ecosystem services can be met at the same
ime as delivering improved environmental performance. Fur-
her research involving key stakeholders is needed to strengthen
elevant scenarios and explore these interactions for environmen-
al outcomes. Such community based scenario development and
xploration would provide a new and valuable input into the cur-
ent debate over competing claims for PU land.
.3. Future research directions
Since housing systems, and not food production systems, have
een found to dominate environmental impacts in PU regions, sug-
estions for future research include the establishing of a set of
ousing and food typologies in which a wider diversity of housing
ypes, transport modes and food production scenarios are mod-
lled. Such housing and food typologies may assist modelling of
enewable energy sources and climate mitigation targets.
In this paper, three typologies only were identified: green-
eld housing with displaced field production; infill housing with
etained field production; and infill housing with an advanced food
roduction technology (HTG) combined with afforestation. Sug-
estions for other typologies may include housing variants such
s greenfield or apartment-style housing with off-grid domes-
ic solar photovoltaic electricity supply, electricity supply from
ther renewable grid sources, and high-density apartments or
ther housing system variants unique to particular geographi-
al PU areas. Horticultural variants may include high-technology
reenhousing using no external water sources, other food pro-
uction technologies (vertical gardens, aquaponics) or intra-urban,
ommunity-supported agriculture. A comprehensive engagement
ith stakeholders is necessary to develop and agree on scenarios
or future modelling within the LCA framework.licy 48 (2015) 377–388
Typologies aimedatmodelling renewable energy targetsmaybe
used to improve our understanding of how environmental impacts
will be manifested across a range of different housing systems or
how the environmental performance gap between greenfield and
infill systems, highlighted here, may be narrowed. Scenarios that
incorporate such typologies are important for developing effective
urban and PU emissions mitigation strategies that aim to minimise
the lock-in risks associated with urban land use and infrastruc-
ture life spans. If there are known target levels for environmental
impacts such as climate change, related targets for renewable
energyorothermitigation strategies canbeapproximatedby sensi-
tivity analyses using LCA; for example, if the political environment
were to support a halving of climate impacts caused by urban-
isation and housing systems, suitable renewable energy targets
could be modelled that reflect required results. An investigation
of typologies may serve to support the current consensus that
infill development delivers better environmental outcomes. On the
other hand, such an investigation may identify alternative housing
and food systems with enhanced environmental performance.
Beyond the scope of this paper but necessary for a more com-
plete analysis of decisions to urbanise PU horticultural land, is the
contribution of direct (earthworks, soil carbon changes and shared
services infrastructure) and indirect land-use change to environ-
mental impact. PU horticultural-to-housing land-use change may
incur additional environmental debt, particularly for the greenfield
scenario. However, the environmental impact contribution of such
land-use change is not usually assessed. Fewempirical studies have
been conducted to evaluate its environmental impact, and further
research is needed. This particular aspect of direct and indirect
land-use change resulting from peri-urbanisation has been exam-
ined elsewhere (Rothwell et al., 2015a,b).
5. Conclusion
Integrated land-use options for PU regions were identified in
which housing and feeding an expanding population can both
be achieved with lower environmental impacts than is the norm
for greenfield development. Infill housing combined with HTG
food production provide optimal environmental outcomes for the
indicators of climate change, photochemical oxidant formation,
particulate matter, human toxicity and water scarcity. Co-benefits
such as afforestation were then possible on land no longer needed
for housing or food production. Unexpectedly, freshwater eutroph-
ication results were higher for HTG lettuce production than for
field production. Waste produced during the manufacture of solar
PV panels, likely to impact in the country of manufacture (e.g.
China), used on the HTG contributed to this. Recommendations
for enhancing the representativeness of water-scarcity modelling
methods are proposed, for example by taking account of water
sources specifically related to urban and PU regions.
This study has given examples of alternative food and housing
land-use scenarios in the PU context. Supporting the develop-
ment of region-specific PU housing and food system typologies
will inform climate change consequences, and other environmen-
tal impacts, of urban development pathways which are currently
cited as a knowledge gap (Dhakal, 2010). Furthermore, housing and
food production typologies can be used to determine the attributes
of systems that will result in a desired reduction in their environ-
mental impact, such as for climate mitigation purposes.
In addition to providing an evidence base for land-use planning
decisions, the process of developing and evaluating scenarios could
be the basis for community engagement around the contested issue
ofPU landuse. Facilitating stakeholder engagement in suchanexer-
cise has the potential to develop a deeper shared understanding
of the environmental consequences of specific courses of action,
potentially leading to a consensus view of a desired PU future.
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With urban areas responsible for a significant share of total anthropogenic emissions,
greenhouse gas (GHG) emissions due to land-use change (LUC) induced by peri-
urban (PU) development have the potential to be considerable. Despite this, there is
little research into the transition from PU cropland to housing in terms of contribution
to global warming. This paper presents a cross-sectoral integrative method for
prospective climate change evaluation of PU LUC. Specifically, direct LUC (dLUC)
GHG emissions from converting PU cropland to greenfield housing were examined.
Additionally, GHG emissions due to displaced crop production inducing indirect LUC
(iLUC) elsewhere were assessed. GHG impacts of dLUC and iLUC were each
determined to be approximately 8 per cent of total GHG emissions due to a greenfield
housing development displacing PU cropland. This magnitude of dLUC and iLUC
emissions suggests that both have importance in future land-use decision making with
respect to PU environments.
Keywords: environmental impact; greenhouse gas emissions; direct land-use change;
indirect land-use change; urban sustainability
1. Introduction
Emissions due to land-use change (LUC) are the second most important source of
greenhouse gas (GHG) emissions after fossil fuel use (IPCC 2013), with estimates
ranging up to one-third of total anthropogenic carbon dioxide emissions for the industrial
period (Ciais et al. 2013). Negative environmental consequences of LUC include
contribution to climate change effects by causing release of carbon dioxide to the
atmosphere through loss of above and below ground biomass. When biomass has been
removed, sequestration potential is foregone. Additional environmental concerns of LUC
include reduced provision of ecosystem services, such as biodiversity, water cycling and
provision of human needs, including food and materials (Bragagnolo and Geneletti 2013;
Nuissl et al. 2009). Drivers of LUC can include residential housing development and
urban growth (Bierwagen et al. 2010). Consequently, it is important to consider GHG
emissions arising from LUC caused by peri-urban (PU) development. PU development
refers to urbanisation occurring in the transitional zone between the urban and rural
regions of a metropolitan area (Rothwell forthcoming 2015).
For PU land-use transitions (PULUTs), such as from cropland to housing, prospective
GHG impacts of the LUC associated with the decision to urbanise are not typically
*Corresponding author: Email: alison.rothwell@uws.edu.au
 2015 University of Newcastle upon Tyne
Journal of Environmental Planning and Management, 2016
Vol. 59, No. 4, 643665, http://dx.doi.org/10.1080/09640568.2015.1035775
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assessed at either local or regional scale. Instead, LUC estimates most often consider
change in land function from forest to cropland, natural grassland to pasture, or pasture to
cropland. Little empirical evidence is available where GHG impacts of PU cropland to
housing land-use transitions have been prospectively considered. Houghton et al. (2012)
reviewed thirteen recent estimates of land-use and land cover change finding that no
analyses included settled lands, nor do urban land-use categories typically exist in global
data sets.
PULUTs from cropland to housing are therefore potentially under-examined with
respect to LUC and associated GHG impacts. In order to assess potential GHG impacts,
two types of LUC occurring within PULUTs have been addressed within this study:
direct land-use change (dLUC) and indirect land-use change (iLUC).
Direct LUC (dLUC) refers to the change in land use that occurs at the location of an
activity within a defined system (BSI 2011b). For example, the change in land use from
horticulture to housing as a consequence of peri-urbanisation is an example of dLUC.
Relevant to a dLUC from horticulture to housing on 1 ha of PU land are aspects of LUC
such as: changes to crop activity and vegetation; housing installed; changes in soil
organic carbon (SOC) due to impervious surfaces installed; types and quantities of
services infrastructure (water, sewer, gas, electricity, telecommunications) installed; and
earth and civil works required.
Indirect LUC (iLUC) refers to LUCs occurring outside of the defined system but as a
consequence of the dLUC. Urban development often occurs at the expense of farmland
and food provision. Furthermore, urban development is known to induce upstream
anthropogenic land-use modification such as deforestation (Houghton et al. 2012; Liu
et al. 2005). The dLUC caused by demand for PU housing may drive horticultural
activities to more remote locations, as the city continues to require provisioning. In
addition to this displacement of food production to more remote locations, further
upstream displacements of food production may occur resulting in LUC, such as
conversion of other arable land, pastures or deforestation, in a different location in order
to compensate for lost crop production. LUC in this different upstream location is termed
iLUC (BSI 2011b). Implicit within iLUC are negative land-use impacts such as
deforestation, soil disturbance, mineralisation of soil carbon, GHG emissions,
hydrological changes and biodiversity loss (H€ortenhuber et al. 2014). This study remains
focused on GHG emissions, but provides a framework for later inclusion of additional
environmental impacts.
By not including iLUC effects, an incorrect situation arises where compensation for
displaced crop is assumed to not cause any environmental effects (Schmidt, Weidema,
and Brand~ao 2015). Compensation for displaced food is imperative given predicted
increases in global and urban populations where a continual increase in food production
is required. Therefore, comprehensive prospective environmental assessment of the
decision to urbanise PU horticultural land requires inclusion of both the direct change to
PU land use (dLUC) combined with the indirect impacts incurred due to the displacement
of the preceding horticultural land occupation activity (iLUC).
Momentum for iLUC as an environmental impact requiring consideration has been
driven by the biofuels debate: biofuels require significant LUCs to accommodate both
crops for food and for biofuel, contributing to significant rises in carbon dioxide (CO2)
emissions (Brand~ao 2010; Edwards, Mulligan, and Maelli 2010; Laborde 2011; Reinhard
and Zah 2009; Searchinger et al. 2008; Tonini et al. 2012). In the European Union,
concerns about iLUC GHG impacts have prompted amendments to biofuel policies (EC
2012). Several studies on agriculture have included iLUC (Cederberg et al. 2011;
644 A. Rothwell et al.
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Kløverpris, Baltzer, and Nielson 2010; Meul et al. 2012; Persson, Henders, and
Cederberg 2014; Plassmann et al. 2010), finding that impacts of iLUC increase food
commodity CO2 emissions by up to 1900 per cent (Plassmann et al. 2010). With a
precedent of biofuel policy advice changing as a consequence of the potential magnitude
of iLUC impact, iLUC should be an essential consideration in PULUTs.
However, the discussion on iLUC has not yet transitioned from a debate centred on
biofuels and agriculture, to consideration of iLUC as a consequence of displacement of
PU crop production resulting from urban growth. In this context, this study is novel in its
examination of iLUC as a consequence of urban development. Both dLUC and iLUC
apply to PULUTs. The magnitude of their contribution to GHG impacts resulting from
the decision to urbanise PU horticultural land is unclear.
Within this paper, GHG impacts of dLUC and iLUC, resulting from the decision to
urbanise PU horticultural land, were assessed. Two typologies of housing and food were
considered: (1) greenfield (GF) housing development in a PU area, with displacement of
food production to a more remote location; and (2) infill housing (in existing urban
centres) with retained PU food production. The PU GF typology involves both dLUC and
iLUC. Relative importance of dLUC and iLUC were evaluated for the GF typology. In
comparison to GF, the infill typology involved neither dLUC nor iLUC and was therefore
useful for comparison purposes.
2. Method
The key question to be answered was how do dLUC and iLUC contribute to overall GHG
emissions incurred from the decision to replace PU horticultural land with housing?
Addressing this question required a life cycle approach for the reasons of integration of
multidisciplinary knowledge and a bottomup approach. Each of these qualities have
been stated as important within sustainability science and urban planning (Huang, Yeh,
and Chang 2010; Sala, Farioli, and Zamagni 2013; Scholz, Hedmark, and Hartley 2012;
Thabrew, Wiek, and Ries 2009). Life cycle assessment (LCA) therefore provided the
framework within which cross-sectoral integration occurred for this study.
2.1. System under study
In order to ascertain the significance of dLUC and iLUC on GHG emissions resulting
from a horticultural to housing PULUT, both housing and horticultural food production
required representation. Consequently, two housing and food typologies were selected:
first, a GF typology, representing GF housing development in a PU area, with
displacement of PU food production to a more remote location and associated upstream
LUC effects; and second, an infill (IF) typology, representing infill housing in existing
urban centres with retained PU food production. Both of these typologies have contextual
importance to a developed and growing city such as Sydney.
Each typology, GF and IF, comprises a housing system and a food system, ensuring
that equivalent persons are housed and equivalent food produced. Additionally, in the
transition from horticulture to suburban housing, the GF typology involved three further
dLUC aspects: SOC changes due to impervious surface installation; services
infrastructure; and bulk earthworks and civil works. Within this paper, subsequent use of
the term dLUC refers to the above three components, with GHG emissions from the
housing and food systems reported separately. Due to horticultural displacement affects,
the GF typology also includes intensification and expansion upstream iLUC effects. Due
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to a variety of conceptually different iLUC approaches, a comparison of methods for
calculating iLUC in the GF typology was made.
For comparison purposes, the IF typology was also represented, as a significant body
of literature claims that infill/compact city type development is more sustainable in
comparison to GF (Beardsley et al. 2009; Bierwagen et al. 2010; Duffy 2009; Fuller and
Crawford 2011; Jabareen 2006; Ou et al. 2013). The IF typology included infill housing
in existing urban centres on vacant urban land, allowing retained PU food production.
With no PU LUC occurring in the infill typology, neither dLUC nor iLUC applied to the
IF typology.
Life cycle inventory (LCI) for the housing and food systems was described in
Section 2.2. The additional aspects of dLUC and iLUC are represented by their own
specific LCI elaborated in Section 2.3.
2.2. Housing and food systems
The area of land upon which GF housing was to replace horticultural production was
considered to be 1 ha of PU land. A 300 m2 brick veneer house on a 500 m2 land parcel
characterised PU GF housing. Infill housing was based on a medium-density 46 storey
apartment block built on vacant land in an existing urban centre. LCI for both GF and
infill housing systems were calculated based on housing an equivalent population, 42
persons, to that housed in a new GF housing development on 1 ha of PU land. LCI for
the housing systems includes, for example: materials of construction (amortised over
50 years); operational energy (electricity for heating/cooling); and car or public transport
use. Both GF and infill housing, with their corresponding LCI, have been further
described in detail in Rothwell et al. (forthcoming).
The food system was represented by lettuce: a fresh, perishable horticultural crop of
importance to the PU region. For this study, field grown lettuce was considered. LCI
were calculated based on producing an equivalent quantity of food delivered to the
Sydney central fruit and vegetable market (Homebush, NSW). PU producers from whom
LCI was collected were located approximately 60 km from the Sydney market. Current
land use surrounding the PU farms included both rural and large residential lots. LCI for
the food system included for example: fertilisers, chemicals, water, transplants,
infrastructure and transport. LCI for the food system has been further described in
Rothwell et al. (forthcoming).
Considering the 1 ha of PU land under analysis, in the GF typology housing displaces
PU lettuce production from Sydney, Australia, to an interstate location (Victoria,
Australia). This ‘remote’ location approximately 900 km distant, already supplies the
local city market and was a probable region to which production would be displaced.
Data collected indicated that in order to obtain equivalent quantities of food for the local
market, production from 1 ha of PU land in Sydney (61.4t ha¡1 yr¡1) required 1.02 ha in
Victoria.
Figure 1 describes how the housing and food systems (excluding dLUC and iLUC
aspects) are incorporated within each typology. Figure 1(a) illustrates the PULUT for the
GF typology in which the land use for 1 ha of PU land is changed from food (lettuce)
production to 1 ha of housing. Food production lost from the PU region (illustrated by
dotted lines) is compensated for by production at the more remote location in Victoria at
equal production quantities delivered to the Sydney market. In Figure 1(b), infill housing
in the IF typology provides for the equivalent population that would be otherwise
accommodated for in the GF typology. As infill housing does not require any PU LUC,
646 A. Rothwell et al.
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PU food production of the required quantity is retained. Calculating the direct and indirect
LUC components within the GF typology is next explained.
2.3. Direct and indirect LUC
Figure 2 illustrates the concepts of dLUC and iLUC in terms of where these LUCs occur
within the GF typology. For 1 ha of PU land, replacing PU horticultural land with GF
housing results in dLUC on that 1 ha. Displaced horticulture requires production
elsewhere, in equivalent quantities. Production is likely to occur at an existing farm in a
more remote regional location that already supplies the local market. Some expansion
and/or intensification at this farm may occur in order to continue to supply the market.
Further upstream expansion of land may occur as further crop displacements occur.
Expansion may occur on shrubland, grassland, from some other land-use type or on land
where forest currently resides, resulting in deforestation. In order to compensate for lost
food production, iLUC occurs somewhere outside of the defined system of 1 ha of PU
land.
Without complex product specific economic-equilibrium models, the type and exact
location of land upon which expansion may occur upon is unknown. Geographical
locations of iLUC and what agricultural production systems will be affected is a complex
interaction between market supply and demand forces heavily influenced by how
different countries allocate land (Taheripour and Tyner 2013).
2.3.1. Measurement of direct LUC
Within the GF typology, the dLUC impact of the conversion of 1 ha of PU horticultural
land to GF housing was represented by the three components of SOC changes (due to
impervious surfaces installed); services infrastructure installed; and bulk earthworks and
civil works (Table 1). LCI for bulk earthworks and civil works was created based on
information from a government property developer (personal correspondence, 4 July
Figure 1. Peri-urban (PU) land-use transitions for l ha of land, each requiring equivalent food
production and housing the same population: (a) GF, greenfield typology: greenfield housing
development in a PU area, with lettuce production displaced to a more remote location; (b) IF, infill
typology: infill housing with retained PU lettuce production.
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2012). Services infrastructure LCI (telecommunications, pipework for potable water,
stormwater, sewer and gas) were estimated using street distances determined from maps
of a new GF development commensurate with housing development coverage of 1 ha.
Services were assumed to run underground and in parallel. Connection from street to
house was not considered.
SOC changes relating to the dLUC were included based upon impervious surface
installation when changing from horticulture to GF housing development. Recent
empirical research indicates that installation of impervious services, such as roads and
housing slabs, contribute to soil carbon losses ranging between 35 and 66 per cent,
dependent upon soil depth considered (Chen et al. 2013; Raciti, Hutyra, and Finzi 2012;
Wei et al. 2014). Consequently, this aspect of SOC change was included to examine
potential relevance to GHG emissions. Data collected from vegetable farms within the
PU region was used to estimate pre-LUC soil carbon levels (Chan et al. 2007). Area of
impervious surface installed was calculated using a house footprint of 300 m2 and road
area per Table 1. Biogeochemical processes driving soil carbon losses following
impervious surface installation remain poorly understood (Wei et al. 2014). As such, soil
carbon losses were modelled as CO2 emissions to the atmosphere.
Regarding amortisation of dLUC, a 20-year horizon is most commonly used (BSI
2011b, 2013). For soil carbon releases, a 20-year assumption is reasonably valid, with 99
per cent of SOC emissions occurring within 20 years for temperate soils (H€ortenhuber
et al. 2014). In summary, dLUC comprises three components within this study, each
reported upon separately: civil and bulk earthworks; services infrastructure installation;
and SOC change.
Figure 2. Conceptual illustration of direct land-use change (dLUC) and indirect land-use change
(iLUC) induced by conversion of horticultural PU land to greenfield housing.
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Table 1. Life cycle inventory (LCI) for 1 ha of dLUC occurring in the GF typology as a result of
change in PU land use from lettuce production to greenfield housing.
dLUC component LCI type Quantity per hectare
Bulk earthworks and civil works
Sediment and erosion controls Silt fencing 104m
Hydromulch 7619 m2
Grass seed 60 kg
Fertiliser 200500 kg
Mulch 22.5t
Binder 4060 kg approx. 35% acrylic
polymer
Straw bales 5.6
Earthworks Import of fill 2687 m3
Export of topsoil 852 m3
Landscaping Herbicide: pre-emergent 765 m2
Rip and cultivate 765 m2
Gypsum 765 m2
Cultivation 527 m2
Turf 527 m2
Herbicide  broadleaf 527 m2
Fertiliser  turf 527 m2
Mulch 238 m2
Fertiliser  plants 238 m2
Roads (3240 m2) 25 mm asphalt 81 m3
10 mm primer 32.4 m3
125 C 375 mm recycled basecourse 1620 m3
Energy for demolition
Sorting plant
Transport
Electricity
Services infrastructure
Pipe 280 m
Potable water Iron dominated (per larger pipes
within roadways)
Storm water PVC
Pipe  sewer PVC/concrete sewer grid 280 m
Pipe  gas Polyethylene 280 m
Electricity Cable and conduit 280 m
Telecommunications Data cable 280 m
Soil SOC changes
House footprint area  slab Carbon 20 blocks per ha @300 m2
Road area Carbon As above under Roads
Initial soil carbon Carbon 59t Cha¡1
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2.3.2. Measurement of indirect LUC
How and where iLUC will occur is unknown. No direct causal link exists between land
use, expansion and deforestation or intensification (Schmidt, Weidema, and Brand~ao
2015). Yet models estimating iLUC impacts need to assume linkages in order to estimate
environmental impacts. Due to different assumptions inherent in different iLUC models,
the approach within this study was to compare and contrast several models adapted from
literature (IPCC 2006; Kløverpris and Mueller 2013; M€uller-wenk and Brand~ao 2010;
Schmidt, Weidema, and Brand~ao 20151; Searchinger et al. 2008; Tonini et al. 2012).
Each of the above models may be regarded as being biophysical in conceptual basis.
Being biophysical, models rely on changes in soil and vegetation carbon, or changes in
biomass production capacity, incurred in the iLUC to determine emissions impacts.
However, differences between the models originate from their parametrisation (Table 2).
Certain parameters may be present across several models, or absent altogether in others.
Key differences in parameters include the following: (1) whether intensification is
considered versus expansion; (2) what the reference state, or biome type, of land upon
which expansion occurs (forest, pasture, shrubland, arable or other) is considered to be;
(3) how vegetation on expansion lands release stored carbon, for example the percentage
released; (4) temporal scope (years) over which GHG impacts incurred in the initial year
of the iLUC are amortised; (5) whether a dynamic baseline is considered, in which global
LUC is considered to be occurring to some degree regardless of the iLUC, or whether
iLUC is considered to occur from a static baseline of LUC; and (6) incorporation of the
concept of land relaxation. Land relaxation refers to LUC followed by delayed
restoration to a natural state. By restoring to natural vegetation some future time after the
LUC, CO2 released as a result of expansion of arable land is re-absorbed into the
biosphere due to regrowth of natural vegetation and associated soils. Because of this
assumed reabsorption by the regrowing vegetation, relaxation considers the duration of
CO2 in the atmosphere to be reduced.
Table 3 details key parameters used or adapted from each model for this study. Five of
the six models consider an upfront loss of vegetation and soil carbon as a result of biome
clearing (IPCC 2006; Kløverpris and Mueller 2013; M€uller-wenk and Brand~ao 2010;
Searchinger et al. 2008; Tonini et al. 2012). Unless otherwise stated, for the purposes of
this study, the biome reference state was assumed to be temperate forest in order for
consistency between iLUC tests. For these models where iLUC is considered as a
function of biome clearing, comparison was made attributing 100 per cent of biomass
clearing to iLUC induced by cropping as the proportion of global conversion of natural
biomes attributable to cropland expansion is unknown (Bruinsma 2009). Estimates
approximating half or more of global deforestation being due to agriculture exist
(Barraclough, Ghimire, and United Nations 2000; Gibbs et al. 2010), with agriculture
including both cropping and pasture. However estimates vary greatly at national and sub-
national scale. Consequently for ease of comparison and with no specific agreed value
defining proportion of land clearing due to cropping, a 100 per cent attribution approach
was considered feasible for comparative purposes between models. Temperate forest data
(tons carbon per hectare) from the IPCC (2006) was used in test TF_IPCC, while
temperate forest data from M€uller-wenk and Brand~ao (2010) was used in tests TF_ST,
TFa_MB, TFb_MB and TF_KM.
With the exception of the model of Kløverpris and Mueller (2013), the remaining four
models involving loss of soil and vegetation carbon from biome clearing (IPCC 2006;
M€uller-wenk and Brand~ao 2010; Searchinger et al. 2008; Tonini et al. 2012) required
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temporal amortisation of GHG impacts. Overall iLUC impacts must be allocated in some
way to LCI inventory, with LCI inventory attributed on an annual basis for a land
occupation that may extend many years into the future. A similar approach to
amortisation was taken for as for dLUC, meaning a 20-year amortisation period was
applied to iLUC impacts. In applying the Kløverpris and Mueller (2013) model (iLUC
test TF_KM), no amortisation was required due to the dynamic baseline. Increases in the
historical baseline of arable land over time mean that this model considers that further
global LUC would occur anyway. Due to iLUC, new land will be taken into production
one year earlier than would occur in the baseline and only this one year of additional
global warming impact requires inclusion.
In models where relaxation time was present as a parameter (M€uller-wenk and
Brand~ao 2010), options for immediate relaxation (1 year) versus delayed relaxation
(50 years) were compared (iLUC tests TFa_MB and TFb_MB, respectively). Examining
the effect of delayed relaxation enables assessment of how relative permanence of the
iLUC impacts the magnitude of the GHG impact.
In contrast to the above models, iLUC tests NPPa and NPPb, based upon the model of
Schmidt, Weidema, and Brand~ao (2015) do not consider upfront biomass clearing.
Instead, changes in the land’s capacity for biomass production, or productivity, are
calculated on an annual basis within a global land market type. The land market type
refers to the land’s potential use (arable, or cropland), independent of actual land cover.
The value selected to represent the land’s capacity for biomass production, NPP0, was
based on values at lettuce production locations in both Sydney and Victoria. As a default,
the model considers 1 year of impact only. However, as expanding housing area may
have an iLUC effect that extends years into the future, more years of iLUC impact have
been compared. With LCI for house construction amortised over a 50-year lifespan,
comparable years of iLUC impact were examined.
2.4. GHG emissions
SimaPro 8.0.4 software (PRe Consultants 2014) was used for GHG emissions analysis.
Within SimaPro, GHG impacts were calculated using the ReCiPe midpoint method
(Goedkoop et al. 2009). Although the iLUC model of Schmidt, Weidema, and Brand~ao
(2015) has been designed for coverage of all impact categories, other iLUC models may
only estimate CO2. Analysis was therefore restricted to a comparison of the impact
category climate change, expressed in kg CO2-equivalent GHG emissions. Climate
change, or GHG emission, impacts were calculated for an area of 1 ha of PU land. Data
for the farms and GF housing were collected for larger land areas, but reduced for
reporting at 1 ha in order to have a common denominator in the LCA.
2.5. Key assumptions
For dLUC, no change in biomass due to removal of cropping was considered. Though
roots remain within the soil post-harvest of an annual crop, no consideration of root C
content and associated SOC loss was included. Landscaping urban areas often includes
some form of tree planting. Sequestration over time due to this landscaping has not been
included in dLUC calculations (see Section 4). Exporting topsoil and importing clean fill
may additionally affect SOC levels however this was not considered. Infill apartment
housing incurred no dLUC component as it occurred on existing vacant urban land and
on the assumption that only a small footprint size would be required. Any associated
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excavation or change to infill infrastructure (for example electrical, water or road) was not
elicited in the LCI. For iLUC, the area within the unknown region transformed for crop
production was approximated as the area required to deliver the required production yield
of displaced lettuce.
Lettuce was chosen as a case study because it is one of the most important local crops
being affected by PU expansion in the Sydney region. We can note that the picture might
differ to one degree or another for other types of displaced crops as the marginal
suppliers would be located in different places and environments compared to the
marginal supplier of lettuce. Different housing systems may similarly influence results. A
complete model of PU LUC, taking into account the matrix of displaced agricultural
products would be a very major undertaking, and would need to be the subject of future
research.
3. Results
GHG emissions were assessed for a greenfield, GF, and an infill, IF, housing and food
typology. Relative importance of dLUC and iLUC were evaluated for the GF typology.
For dLUC, results for SOC, services infrastructure and bulk earth and civil works, were
reported separately. For iLUC, a comparison of methods for calculating iLUC was made,
with each result reported individually. The IF typology involved neither dLUC nor iLUC
but was included for comparison purposes, as compared with the GF typology.
A general trend to higher GHG emission results occurred within the GF typology
compared to the IF typology (Figure 3). Considering only the housing and food system
Figure 3. Climate change impact showing GHG emissions (kg CO2-eq ha
¡1 yr¡1) for the IF and
GF typologies. For both typologies the result for the housing and food systems is displayed. For the
GF typology, involving a peri-urban land-use transition from horticulture to housing, the additional
dLUC is shown as three components: SOC changes; services infrastructure; and bulk earthworks
and civil works.
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GHG impacts (that is, excluding dLUC and iLUC effects), for both typologies household
operation and transportation dominated impact due to fossil energy use (7582 per cent).
Housing construction and the food system each approximated 79 per cent of GHG
impact. GHG hotspots for the housing and food systems have been examined in detail in
Rothwell et al. (forthcoming).
Of interest for this study were the additional effects of dLUC and iLUC to overall
GHG emissions for the GF typology, in contrast to the IF typology, and whether any
significance for further research or policy was apparent. Inclusion of dLUC increased the
GHG emissions of the GF typology relative to the IF from 33 to 45 per cent. Adding
iLUC increased this difference again, the magnitude of which was dependent upon the
iLUC model selected.
3.1. Direct LUC
Figure 3 shows the contribution made by the three aspects of dLUC considered in a
PULUT from horticulture to GF housing: SOC changes due to impervious surface
installation; services infrastructure installed; and bulk earthworks and civil works. At
8 per cent of total GHG emissions within the GF typology (excluding iLUC), the
magnitude of GHG impact for dLUC was similar to that of the food system (8 per cent),
house construction (7 per cent) and household petrol use (11 per cent). Evidentially,
dLUC exhibits a notable impact that should be considered in environmental impact
studies or carbon footprints concerning PULUTs.
Comparing the three components of dLUC in the GF typology, services infrastructure
has contributed most significantly to dLUC GHG emissions at approximately 56 per cent.
This value represents 5 per cent of total GHG impact for the GF typology. Hotspots in
services infrastructure included the sewer grid, plastic pipe and the water supply network.
Recycled basecourse for road construction, bitumen and asphalt dominated GHG
emissions from civil and bulk earthworks. Energy used for demolition, transportation and
sorting of construction waste most heavily influence results for recycled basecourse. At
18 per cent of dLUC GHG emissions and slightly more than 1.5 per cent of total impact,
SOC changes generated the least contribution to dLUC in this study from the three
components of dLUC considered.
3.2. Indirect LUC
GHG emissions pertaining to the iLUC models evaluated are displayed in Figure 4.
Emissions related to iLUC ranged from 1 to 30 per cent of the total GF typology (NPPa
and NPPb, respectively), averaging 8.8 per cent of GHG emissions (5.7 per cent
excluding NPPb).
Calculating iLUC with a 50-year relaxation period (TFb_MB), as opposed to a 1-year
period before natural vegetation is permitted to regrow on expanded cropland (TFa_MB),
increased iLUC GHG emissions by 134 per cent with a corresponding 3 per cent increase
of iLUC contribution within the total GF typology. Applying the Schmidt, Weidema, and
Brand~ao (2015) model considering 50 years of iLUC impact (NPPb) as opposed to 1 year
(NPPa) resulted in a 4900 per cent rise in iLUC emissions, corresponding to a low of
1 per cent of total GF typology emissions to a high of 30 per cent. In iLUC test TF_KM,
where a dynamic baseline was used, iLUC emissions amounted to 13 per cent of total GF
typology GHG impact due to new land being taken into production one year earlier than
would otherwise occur.
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Using temperate forest (TF_ST) as the reference biome type increased iLUC GHG
emissions by 41 per cent, as compared with global average cropland expansion (GA_ST).
Using parameters for temperate forest from the IPCC Guidelines for National
Greenhouse Gas Inventories, as in TF_IPCC, yielded reductions of 14 and 39 per cent,
respectively, relative to GA_ST and TF_ST, respectively.
4. Discussion
Comprehensive prospective environmental assessment of the decision to urbanise PU
land requires inclusion of both the change to the direct PU land use (land occupation)
combined with the impacts incurred due to the displacement of the preceding land
occupation activity. With dLUC and iLUC, each approximating 8 per cent of total GHG
emissions for the GF typology, findings support the need to include both dLUC and iLUC
in environmental impact studies where the change in PU land use from horticulture to GF
housing occurs.
Despite no mandated cut-off limit existing within LCA standards above which
inventory must be considered, it would be unusual to ignore contributions of the order of
magnitude determined within this study for both dLUC and iLUC. Industry precedents
exist where processes with more than 1 per cent contribution require inclusion (BSI 2012).
Evidence produced by this study suggest that dLUC as represented by the three
components of SOC changes, services infrastructure, and bulk earthworks and civil works
make a notable contribution, at 8 per cent, to climate change impacts to the GF typology.
Hence this dLUC inventory should be considered in future studies on PULUTs. Similarly,
the magnitude of iLUC trends (averaging 8.8 per cent) within overall GHG emissions of
the GF typology calls for further scrutiny. Inclusion of both dLUC and iLUC into
environmental impact studies on PULUTs is warranted.
Figure 4. Climate change impact showing GHG emissions (kg CO2-eq ha
¡1 yr¡1) for both the
dLUC and iLUC components of the GF typology in comparison to the IF typology. Results from
each iLUC test (per Table 3) are displayed.
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4.1. Overall trends
With LUC GHG emissions ranging between 9 and 36 per cent of total GF typology
emissions, findings from this study highlight the significance of cropland to urban land-
use transitions. Despite the paucity of evidence determining the GHG emission impacts
of PU cropland to housing land-use transitions, in this study the PULUT has contributed
a similar proportion of LUC emissions to the proportion attributed to recent LUC on a
global scale (Le Quere et al. 2014). Overall trends in GHG emissions indicate that the GF
typology performs in a less sustainable manner than the IF typology designed to house
and feed an equivalent population, with this trend exacerbated by inclusion of dLUC and
iLUC.
Two areas of policy relevance arise. First, developed cities actively pursuing climate
mitigation strategies should consider the wider environmental ramifications of pursuing
GF housing development in PU areas at the expense of horticultural land. Departments
responsible for sustainable city development should extend the definition, and
operationalisation, of ‘sustainable’ to include consideration of food needed to provision
the population being housed. Conjoined with such a consideration is analysis of the
magnitude of, to where and on whom environmental impacts are being transferred if food
displacement is to be the continued norm for PU housing development. Responsibility to
be taken by the change-causing sector for emissions outcomes seems both appropriate
and possible using a method as shown within this study.
Second, the national GHG accounting method of the IPCC (IPCC 2006) considers
only biomass changes for land converted to settlements. With only biomass changes
examined, dLUC and iLUC for PULUTs from horticulture to housing may be excluded
from counting toward national emissions accounts. Contrary to this assumption, this
study has highlighted that dLUC and iLUC contributions to LUC emissions are relevant.
Certain aspects, but not a comprehensive coverage, of dLUC inventory may be included
within national accounts under other sectorial emissions, such as carbonate based
materials (cement) or metals (for example iron and aluminium). Inclusion of iLUC may
occur under the sector of agriculture, forestry and other land use (AFOLU) but not
necessarily in the accounts for either the sector causing the change or for the nation
causing the iLUC to occur. With national level reporting being a gross accounting system
lacking detail, decisions undertaken at the local/regional level require transparent
systems data to support effective climate mitigation strategies. Implicit within such
transparency requirements would be understanding the causes and contributions of both
dLUC and iLUC.
4.2. Direct LUC
This study provides evidence supporting the need to include dLUC at the urban planning
level given the contribution made to total system emissions for the GF typology. With the
highest contribution to dLUC being from services infrastructure, future studies could
consider developing more detailed inventory for each typology. Such measures would
increase accuracy of data where specific performance targets may be required, but would
be unlikely to alter overall trends observed.
Improving certainty regarding SOC changes is a further avenue for research. Soil
sealing and LUC indicators have been suggested in ISO 21929-1 (ISO 2011), the
international standard containing sustainability indicators for the building sector. Despite
this, H€akkinen et al. (2013) comment that the European standard for sustainability in
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construction works BS EN 15978:2011 (BSI 2011a) excluded soil sealing and LUC
impacts due to lack of consensus on calculation methods. Soil sealing in the context of
sustainability indicators has been described dominantly in terms of the changes in soil
hydrology and water balance as a result of soil sealing and compaction. In contrast, this
study examined SOC changes as a result of soil sealing with impervious surfaces.
Literature suggests that the largest contribution to the urban carbon storage pool is soil
(Zhao et al. 2013). Consequently, an examination of dLUC would be remiss if SOC were
excluded. Empirical consensus regarding treatment of urban soil carbon is growing, the
dominant discourse being that installation of impervious surfaces reduces SOC levels
(Chen et al. 2013; Raciti, Hutyra, and Finzi 2012; Wei et al. 2014). For this study, trends
observed within these recent empirical studies were applied. As the knowledge base
grows assessment of SOC may require adjustment.
Regarding carbon sequestration, this study considered neither urban plantings nor
lawns within the carbon budget. Current research trends toward the outcome that urban
lawns become net sources of emissions through lawn maintenance activities over
relatively short timeframes (mowing, fertilisation, irrigation, pesticide), despite initial
potential SOC sequestration (Kong, Shi, and Chu 2014; Selhorst and Lal 2013). In
contrast, urban tree plantings offer the potential to offset LUC GHG emissions through
sequestration and by reducing cooling energy requirements of housing. Vegetation cover
has been shown to reduce land surface temperatures (Zhou et al. 2014) with further
variation between tree species (Rahman, Armson, and Ennos 2014). Where landscape
planning includes urban plantings, opportunity to reduce GHG emissions in new GF
housing developments may exist, the scope of which would require further examination.
A further avenue for dLUC research would be to establish whether a ‘payback’2
period applies to carbon storage in PU areas, where housing displaces horticulture.
Churkina, Brown, and Keoleian (2010) claim that conversion from agricultural to urban
land may increase carbon storage, with human settlements able to store an amount of
carbon equivalent to a tropical forest. In contrast, Scalenghe et al. (2011) found that on a
per capita basis, the loss of soil carbon stock due to sealing was ten-fold higher than the
increase in per capita carbon stock due to urbanisation LUC over a 150-year period in
Italy. In contribution to this debate, a ‘payback’ period could be established through
determining total carbon storage within the GF typology and comparing this storage
value to the emissions produced by the housing system, including dLUC, displaced
horticulture and iLUC. Such research would contribute to improved transparency to
claims made regarding urban carbon storage and the associated balance with GHG
emissions.
In summary, dLUC exhibits GHG impacts requiring consideration in PULUTs. Future
studies could aim to improve LCI data per typology. Further examination of dLUC
components is recommended such as for SOC and urban carbon sequestration, where a
growing body of knowledge is being generated.
4.3. Indirect LUC
As a general trend across models evaluated, iLUC has been shown to exhibit a significant
influence on PULUT emissions trends. As stated in Mu~noz et al. (2014) ‘exact’ iLUC
effects may not be calculable, but despite such uncertainty this study supports that iLUC
may be a potential and relevant hotspot that should be further examined. As maturation
and practical application of iLUC develops, application to urban land consumption must
be considered a necessity for comprehensive decision support from an environmental
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impact perspective. Consideration must be given for both further research and
incorporation of iLUC into prospective policy analyses on PU LUC.
From the iLUC models analysed, no one model is able to be chosen as more certain
than others for potential incorporation into carbon footprinting. Exploration of
differences in model parameters with an aim to improve application to urbanisation and
horticultural cropping displacements is recommended.
Difficulty exists in iLUC analysis for two main reasons: differences in parametrisation
of models; and comparison of techniques employing alternative conceptual bases. Within
the models examined within this study, uncertainty over where and in what ecosystem the
LUC occurs (the reference state), how contributing inventory such as SOC and biomass
are considered, timing of emissions, dynamic versus static baselines and amortisation
periods conspire to generate divergence in results. However, general trends are consistent.
Assuming LUC to occur in temperate forest (TF_ST) as opposed to global average
cropland expansion (GA_ST) increased iLUC GHG emission results from 6 to 8 per cent
of total. Maintaining temperate forest as the reference state but modifying soil and
vegetation carbon stocks physically released to the atmosphere based on the assumption
of land relaxation (TFa_MB) reduced iLUC emissions from 5 (TF_IPCC) and 8 (TF_ST)
per cent to 2 per cent. However, the time period to be allocated prior to land relaxation
within the parameters of the M€uller-wenk and Brand~ao (2010) model can be arbitrary.
Expanding PU areas, as driven by urban expansion, continue to displace food production.
Combined with growing urban populations to feed, PU expansion effects may drive
upstream LUC for an extended period of time. Preventing land relaxing back to its
natural state for 50 years (TFb_MB) delivered emissions results lower than the
Searchinger et al. (2008) model applied to the same reference state (TF_ST). Yet whether
a shorter or longer relaxation period should apply is relatively unknown.
Using a dynamic baseline as in TF_KM produced a result that upon first appearances
appears relatively large in comparison to other iLUC tests. However it must be
remembered that GHG emissions in the TF_KM test are not amortised over 20 years.
Results for all other tests, excluding NPPa and NPPb, have been amortised. If all
amortised emissions were considered to occur only in year 1 of the iLUC, we would find
that the TF_KM iLUC result would be an order of magnitude lower.
Using changes in the NPP0 produced the lowest iLUC impact where only one year of
impact was considered, as in test NPPa. However, urbanisation may induce permanent, or
at least long-term, changes. Accounting for relative permanence of iLUC as may be
induced through urban expansion becomes a source of further uncertainty, similar to
application of the M€uller-wenk and Brand~ao (2010) model. Although Schmidt, Weidema,
and Brand~ao (2015) avoid temporal amortisation through the use of NPP0, appropriate
years of impact need to be defined to obtain the iLUC result. Extending the years of
impact to 50 years to account for potential long term urban expansion issues multiplied
iLUC impact some 4900 per cent, generating the largest iLUC effect observed within this
study.
Using an alternate reference state (such as replacing temperate forest as used in this
study with grassland or tropical forest) may generate different results. Existing farmers
may receive economic benefits through diversification if iLUC were to occur on existing
agricultural grasslands, the examination of which is beyond the scope of this paper but
necessary for policy formulation. Other iLUC methods using alternate conceptual bases
exist but were not considered for this exploratory study for several reasons such as:
uncertain relevance of reference states and inclusion of methodologically incomparable
virtual fluxes (loss of sink type methods); complex parameters, assumptions and macro
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scale (economic market models); and inability to distinguish between dLUC and iLUC,
which for the purpose of this study were reported separately.
4.4. Using an LCA approach
Interdisciplinary solutions are required for complex sustainability issues, such as
mitigating climate change combined with the need to house and feed a growing urban
population. In order to reach tractable sustainable development goals, complex issues
need evidence-based decisions founded on science (Glaser 2012). As demonstrated
within this study, LCA used within a scenario approach can provide a basis for a wider,
comprehensive, scientifically-based assessment of LUC where several traditionally
separate policy areas (housing and food) require cross-sectoral integration. In providing
an approach as illustrated in this study, urban planning may more ably meet sustainability
challenges where conventional planning approaches are of low effectiveness and broader
system perspectives are required to reduce urban emissions (APSC 2007; Dhakal 2010;
Mulvihill and Kramkowski 2010; Thabrew, Wiek, and Ries 2009).
For prospective LUC where scenarios are employed, LCA provides a comparative
approach rather than evaluation against a set of specified targets. Advantages of a
comparative approach include evaluating scenarios that provide preferred performance
despite thresholds and target levels. Climate mitigation and building resilience is about
choosing the most environmentally optimal solutions, not necessarily testing to a target level.
Being a model-based representation of the real world, constraints associated with
LCA typically relate to system boundaries, the process steps captured (or excluded)
therein, data quality and time intensiveness. Ensuring transparency of assumptions and
data can overcome such constraints. With its wide systems impact and ability to include
both the direct and indirect impacts, LCA permits quantitative, proactive, evidence based
environmental comparisons for change-oriented decisions. Used appropriately as an
analytical tool in combination with other tools, such as scenario planning and
participative tools, LCA may optimise the environmental aspect of strategic
environmental assessment (SEA) and/or environmental impact assessment (EIA)
(Bj€orkland 2012). Combination with social and economic assessment tools would be
required for a complete sustainability assessment.
5. Conclusions
This study examined emissions from two housing and food typologies: GF housing in a
PU area with displaced food production; and infill housing with retained PU food
production. Relative contributions of two components of LUC were assessed for the GF
typology: dLUC; and iLUC. Overall trends in GHG impact indicate that the GF typology
is less sustainable than the IF typology for housing and feeding an equivalent population,
with this trend exacerbated by inclusion of dLUC and iLUC.
With LUC emissions ranging between 9 and 36 per cent of total GF typology
emissions, findings from this study support the significance of cropland to urban land-use
transitions. The magnitude of dLUC and iLUC emissions suggests that it is important that
they be considered in future land-use decision making where the change in PU land use
from horticulture to GF housing occurs.
Presented within this paper was a novel application of scenario-based LCA where the
importance of GHG impacts induced by LUC associated with the decision to urbanise PU
horticultural land were prospectively evaluated. Cross-sectoral integration enabled both
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the change in PU land use combined with the impacts incurred due to the displacement of
the preceding land occupation activity (food production) to be evaluated. By
prospectively considering the dLUC and iLUC components of PULUTs, urban planning
policies may better align with actual mitigation of climate change.
Suggestions for further research include determining if a payback period applies to
carbon storage changes in PU areas where housing displaces horticulture. Such research
would contribute transparency to claims made regarding carbon storage in urban areas
and the associated balance with emissions. Exploration of differences in iLUC model
parameters to improve specificity to urbanisation and horticultural cropping
displacements is recommended. Additional pathways for research could determine how
to accommodate a wider range of impacts beyond GHG emissions.
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Notes
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the model.
2. Payback period refers to the time taken to repay the carbon debt incurred as a result of the LUC.
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Abstract: Present decisions about urbanization of peri-urban (PU) areas may contribute to the
capacity of cities to mitigate future climate change. Comprehensive mitigative responses to PU
development should require integration of urban form and food production to realise potential
trade-offs. Despite this, few studies examine greenhouse gas (GHG) implications of future urban
development combined with impacts on PU food production. In this paper, four future scenarios,
at 2050 and 2100 time horizons, were developed to evaluate the potential GHG emissions implications
of feeding and housing a growing urban population in Sydney, Australia. The scenarios were
thematically downscaled from the four relative concentration pathways. Central to the scenarios
were differences in population, technology, energy, housing form, transportation, temperature, food
production and land use change (LUC). A life cycle assessment approach was used within the
scenarios to evaluate differences in GHG impacts. Differences in GHG emissions between scenarios
at the 2100 time horizon, per area of PU land transformed, approximated 0.7 Mt CO2-e per year.
Per additional resident this equated to 0.7 to 6.1 t CO2-e per year. Indirect LUC has the potential to be
significant. Interventions such as carbon capture and storage technology, renewables and urban form
markedly reduced emissions. However, incorporating cross-sectoral energy saving measures within
urban planning at the regional scale requires a paradigmatic shift.
Keywords: climate change mitigation; peri-urban development; urban development scenarios;
greenhouse gas emissions; life cycle assessment
1. Introduction
Recognition is growing of the contribution urban areas make to greenhouse gas (GHG) emissions
and their potential role in mitigative efforts [1]. Existing urban areas have been estimated to contribute
approximately 40 percent of global anthropogenic GHG emissions on a production basis, and in
excess of 70 percent on a consumptive basis [2]. The capacity of cities to participate in strategies
to minimise emissions is therefore large. Present day understanding of how different development
pathways may impact future land availability and emissions generation should be improved. However,
limited scientific understanding exists of the reductions in emissions magnitude that may be obtained
through altering urban form [1]. Scenarios of future urban development, illustrative of alternative
GHG concentration trajectories, have a vital role to inform policy. The four scenarios presented herein
Land 2016, 5, 46; doi:10.3390/land5040046 www.mdpi.com/journal/land
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provide insight into how differences in housing and feeding growing urban populations may affect
GHG emissions generation relating to area of peri-urban (PU) land use change (LUC).
Particular to mature, developed cities, mitigation options include urban regeneration strategies
that encourage compact form, mixed land use, reductions in travel and rehabilitation of older
buildings [1]. Mixed land use may include, for example, PU agricultural support. However, growing
cities typically consume PU agricultural land for monofunctional housing use, causing displacement
of commercial food production to more remote locations. Present decisions about urban development
in PU areas have the potential to make an important difference to the vulnerability of large cities to
future climate change. Comprehensive mitigative responses to future urban development should
require integration of urban form and food production to realise potential trade-offs. Despite this, few
studies examine the GHG implications of future urban development combined with the impact on PU
food production displacement.
Missing from future PU development scenarios has been consideration of the land-use activities
displaced by urban expansion. For example, displacement of commercial PU fresh food production
and how this displacement affects overall GHG impact in addition to that of the installed urban
form. Applications of climate scenarios at city and continental scale have occurred, such as those to
ascertain future urban demand for land [3–8]. Long-term in temporal scope, these scenarios differed
from most urban planning strategies that are not typically linked to global environmental change [7].
However, compounding environmental effects due to the activities displaced by urban demand for
land were not assessed. A second gap in application of climate scenarios to PU development includes
the lack of exploration into the magnitude of differences in GHG emissions trends between scenarios
at future time points. Transport and household energy use have been used to contrast the magnitude
of emissions between alternate urbanisation approaches for an agricultural county in the USA [8],
however a general scarcity of such information exists.
PU LUC was selected as the lens through which GHG emissions were viewed for three principal
reasons: competition for land use; current volume of PU horticultural production in the study area;
and relative emissions of land currently used for horticulture versus urban use. PU areas are highly
contested transitional zones between existing urban districts and rural areas. Decisions on LUC
are fraught with opposition. Regarding the second reason, commercial PU agriculture, specifically
horticulture, has importance in its large contribution to local and regional markets combined with
significantly higher output than other forms of urban agriculture. For example, farms located near
New York, USA, produced over 80 percent of the fruits, vegetables and milk produced in New York
state in 2012 [9]. In Sydney, by dollar value, 53 percent of lettuce and 27 percent of the horticultural
produce of New South Wales originate from PU production [10]. Compare this to recent estimates of
intra-urban vegetable production, which contributes less than one percent by production value [10,11].
Thirdly, recent research indicates that GHG emissions from urban land use are 58 times greater on
average than emissions from crop production [12]. Decisions that potentially increase the GHG
emissions burden of cities, due to LUC in PU areas, need to be evidence-based.
In this paper, four future scenarios were developed to evaluate the potential GHG emissions
implications of feeding and housing a growing urban population. The scenarios were based on the
GHG concentration trajectories of the four relative concentration pathways (RCPs) [13]. The RCPs
were adopted by the Intergovernmental Panel on Climate Change (IPCC) and define four potential
climate futures [14]. The context for the scenarios was for a developed and growing city such as
Sydney, Australia. A life cycle assessment (LCA) approach was used within the scenarios to evaluate
differences in GHG impacts. The application of LCA within an exploratory scenario approach builds
on prior work integrating both housing and food production changes in the current day [15].
The scenarios are considered exploratory as an infinite number of possible futures exist that may
describe emissions and their driving forces [16]. Exploratory scenarios assist understanding of future
uncertainty by describing and analysing possible (as opposed to probable) alternative futures given
a set of climate, socio-economic and technology assumptions. Scenario thinking is one of a suite of
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pluralistic strategic responses used in public policy to construct solutions to uncertain climate change
issues. Effective management of future uncertainty, in order to inform good policy, requires multilevel
evaluation of alternative strategies and scenarios supported across institutional boundaries and at local
and regional scales [17]. Scenario thinking is not intended to provide “the answer” to a problem [18].
Rather, exploration assists society and policy makers to choose a preferred course of action. Exploring
the potential GHG emissions incurred through the necessity to both feed and house a growing urban
population, under different future climate scenarios may provide momentum for more detailed and
comprehensive strategic planning studies.
Prior work has established that displacing commercial PU fresh vegetable production (in this
example, lettuce) with housing in greenfield areas typically generates a poorer environmental outcome
compared to retention of PU food production through use of infill housing [15,19]. Building climate
resilient pathways would therefore imply developing local PU fresh food producing capacity, but such
investment would not reflect the development norm in a city such as Sydney. With urban population
increasing, planning for future housing and fresh food production at lower relative emissions is vital
to avoid infrastructure lock-in risks (such as housing form) that may compromise future efforts at
mitigation. However, future GHG ramifications, and other environmental trade-offs, due to displacing
commercial PU fresh food production in favour of more remote production to feed a local city market
remain underexplored. This study builds on the novel approach used in [15], expanding examination
to future GHG impacts resulting from different urban growth scenarios.
To examine the potential GHG emissions relating to the four urban development scenarios,
specific objectives within this study included, firstly, interpreting the main characteristics of the four
Relative Concentration Pathways, RCPs 2.6, 4.5, 6 and 8.5 [20–23]. Secondly, generating qualitative
narratives representative of how housing and agricultural development may occur in a developed
city. Thirdly, explanatory variables representing key differences between scenarios were identified and
quantified. Finally, changes in explanatory variables were applied to life cycle inventory (LCI) for each
of the four scenarios at time horizons 2050 and 2100 in order that GHG impact could be compared.
Each scenario was required to house the respective future population with consequent determination
of area of PU horticultural land displaced by housing. Food production from more remote locations
was required to supply the city market at equivalent quantities to that displaced.
2. Materials and Methods
The aim of this study was to investigate the trends in GHG emissions between four future urban
development scenarios. In all scenarios, the growth in urban population at the relevant time horizon
required housing and the quantity of fresh food displaced, due to absorption of PU food producing
land by housing, required replacement. Hence each scenario has differing amounts of new housing
stock in two disparate locations, on either existing urban or existing horticultural land, to accommodate
a growing population. Therefore differing degrees of PU horticultural LUC to housing occurs between
scenarios. GHG emissions results for each scenario were reported by area of PU land consumed to
house the change in population.
Each scenario included both a housing and a fresh food production system. For the housing system,
the ratio of two disparate housing types was adjusted in each scenario: new houses in PU, greenfield
locations where horticulture is the current land use; and infill apartments in existing suburban centres.
Existing PU land use was regarded as horticultural, with consumption by greenfield housing at an
amount particular to each scenario and time horizon. Horticultural production displaced by housing
was required to be replaced from more remote production locations. The horticultural system was
modelled as field grown lettuce. Reasons for choice of lettuce included: lettuce is the dominant vegetable
produced in the Sydney region; is dominantly field grown; is produced year-round; approximately
88 percent of the quantity consumed in Sydney is produced in the region [10,24]; and regionally
specific data was available from both the Sydney PU and interstate regions. Lettuce was assumed to
be delivered to the Sydney central fruit and vegetable market in Homebush, NSW. Upstream LUC
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impacts occurring due to further potential upstream crop displacements was considered. The housing
and food systems have been described in detail in [15].
2.1. Scope
The method uses Sydney, Australia, to illustrate the principle of accounting for both horticultural
change and housing development to obtain comprehensive mitigation strategies for urban growth.
Sydney is a large city representative of how a developed city may grow. However with consideration
of regional contexts, the method is transferable to PU regions of other cities in developed nations
where demand for land in PU areas is driving LUC from horticulture to housing. The narratives were
developed to be consistent with the RCPs and could be applied to other regions. Explanatory variables
may be used for other regions: these were selected to ensure coverage of sectors responsible for
dominant contributions to anthropogenic emissions. However, regionally specific differences exist
that require accommodating, particularly in the life cycle inventory, if the approach were to be used
elsewhere. Changing the life cycle inventory (such as dominant crop being displaced by housing;
housing types; development patterns; climate zones; and energy mix) is necessary for a study of this
type to have regional relevance. Regional relevance is required for effective strategic responses to
future uncertainties surrounding climate change.
2.2. Methodological Approach
The methodological approach integrated environmental LCA within exploratory scenarios
(Figure 1). For each of the four scenarios being analysed, a qualitative narrative describing future
characteristics, specifically for housing and food production, was generated. Explanatory variables
in support of the narrative were identified. Quantification of explanatory variables permitted
incorporation into LCI for each time horizon, 2050 and 2100. GHG impacts were then characterised
using LCA software. Each scenario was then compared on relative GHG impact. Potential hotspots
within each impact category were identified.
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2.3. PU Development Narratives
The fundamental premise behind the narratives was the paradigm, pertinent to a developed and
growing city such as Sydney, Australia, that increases in urban population drive additional housing
development in both PU and existing suburban locations. The type of housing infrastructure installed
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generates differing amounts of PU LUC and consequential displacement of PU commercial fresh
food production.
As a basis for scenario narratives, the four Relative Concentration Pathways (RCPs), as selected
by the IPCC for the Fifth Assessment Report [13] were thematically downscaled. The four RCPs
cover a range of radiative forcing target levels found in literature for 2100, including RCP2.6 (very
low forcing level), RCP4.5 and RCP6 (moderate) and RCP8.5 (high). Each RCP describes how
emissions and concentrations change over time, providing data for climate models. Whereas the
previous generation of IPCC climate scenarios generated climate projections based on defined
socio-economic pathways [16], the RCPs lock in the emissions trajectory rather than the socio-economic
circumstances [25]. However, each RCP does include basic underlying assumptions on GDP, policy,
population and some socio-economic development [13,20–23]. In order to remain qualitatively
consistent with the RCPs, the stated RCP assumptions were adapted in this study through the narrative
characteristics to the local PU regional level. Such an approach is feasible as the socio-economic
scenarios underlying RCPs are not unique [13,14]. Consistency of the scenarios with historical local
scale data was assured by using a common baseline from which scenarios then diverged. Ensuring
consistency of scenarios between original source and local scale information is suggested as an essential
criterion for any downscaling [26].
As the aim of this paper was to explore the combined GHG impacts of both feeding and housing
future urban populations in 2050 and 2100, characteristics relevant to urban growth and agricultural
change were represented in the narratives. From the housing perspective, central to the analysis was
how population change, housing form, transportation mode, technology, temperature trajectory, fuel
and energy mix influenced scenarios. Central to the analysis from the agricultural perspective were:
the quantity of lettuce displaced by new housing in PU locations; the yield adjusted quantity and land
area of lettuce grown at a more remote location; transportation to the Sydney city market; changes in
climatic conditions; farm inputs; and total factor productivity changes.
2.4. Explanatory Variables
Explanatory variables supporting the narratives (Table 1) and included in this study have been
described (Table 2) and quantified (Table 3). Variables selected exhibited a direct relationship to
the narrative, such as population trajectory, primary energy mix, technology change and urban
form, emissions concentrations and temperature changes. Additionally, explanatory variables were
selected to ensure coverage of sectors responsible for dominant contributions to anthropogenic
emissions. Recent analysis from the IPCC [31] suggests the following sectors dominate anthropogenic
emissions, accounting for approximately 70 percent: electricity and heat production, buildings,
transport, agriculture and LUC. Consequently, variables such as primary energy mix, household
heating/cooling energy, household and food transportation (mode, technology and fuel mixes),
construction, lettuce production, on-farm refrigeration, direct and indirect LUC were included.
Furthermore, the explanatory variables were able to explain greater than 80 percent of variation
in GHG impact within the current day baseline [15].
Land 2016, 5, 46 6 of 23
Table 1. Narratives for the four future urban development scenarios: high emissions; moderately-high emissions; moderately-low emissions; and low emissions.
Scenario Name
Characteristic
Narrative Description for Characteristic
High Emissions (business as usual)
GHG Emissions High emissions, leading to approximately 1230ppm CO2-e at 2100 [27]. Rising emissions are linked to the fossil-intensive energy sector as well as increasing
population and associated food production requirements [13,21]. The high emissions scenario is reflective of a business as usual approach to climate change [21].
Population High growth [13,21,28,29].
Energy Primary energy consumption rises threefold compared to year 2000. Coal and other fossil sources dominate the primary energy mix. Post 2050, conventional oil
experiences a dramatic decline. Coal (and gas) sources of petroleum would potentially be required [21]. Introduction of nuclear energy and renewable energies
is characterised by slow adoption.
Technology Technological innovation is slow with limited international technology trading [21,29]. Little adoption of electric vehicles due to low market penetration of
renewable energy sources.
Economy Slow income growth and slow convergence of international economic equity drive low efficiency gains and high energy demands [21].
Environmental Global forest area continues to decrease. Areas of cropland and grassland continue to increase [13,21].
Urban growth Diffuse suburbanisation and higher land-use change: road infrastructure and automobile dependence permit continued growth in suburban and peri-urban
(PU) areas. Few planning restrictions.
Agricultural change Lower agricultural productivity [28]. Increased food requirements for the growing population are met through transformation of land from other agricultural
land or from native ecosystems. Minimal restrictions on land use change (LUC).
Moderately-high emissions
GHG Emissions Moderate emissions, leading to approximately 728ppm CO2-e at 2100 [27].
Population Moderate growth [13,20,28,29].
Energy Primary energy consumption rises to approximately double that of year 2000 [13]. Oil consumption remains relatively constant compared to 2000 levels.
Coal increases but a shift favouring natural gas use with some use of carbon capture and storage (CCS) technology occurs, with approximately 70 percent
market penetration of CCS technology to thermal power plants by 2100 [20]. Gas sources of petroleum would potentially be required. Renewables and nuclear
constitute approximately 30 percent of the primary energy use by 2100 [13,20].
Technology Technological innovation is diverse, but moderate in adoption pace [23]. Increasing use of CCS at power plants means a greater adoption of hybrid, then fully
electric vehicles compared to the high emissions scenario.
Economy Economic development is moderate [20,29]. Less global convergence than within the moderately-low emissions narrative.
Environment Areas of cropland continue to increase, but grassland decreases. Forested area experiences a marginal increase [13,20].
Urban growth Diffuse growth in outer urban areas occurs, but with somewhat more concentration around existing town centres compared to the high scenario. Although road
transportation is still of high influence, a shift to public transport occurs with a slightly higher level of infilling around existing hubs.
Agriculture Historical trends of agricultural productivity decline [22]. A more moderate rate of innovation and technological change occurs compared to the moderately
low emissions narrative, excluding CO2 fertilisation effects.
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Table 1. Cont.
Scenario Name
Characteristic
Narrative Description for Characteristic
Moderately low emissions
GHG Emissions Moderately low emissions, leading to approximately 581ppm CO2 at 2100 [27].
Population Low growth [13,22,28,29].
Energy Primary energy consumption is approximately two to three times that of year 2000 [13,22]. Oil consumption remains relatively constant compared to 2000
levels. Coal and natural gas use increase with wide use of CCS technology. Renewables, biofuels and nuclear constitute approximately one half of the primary
energy use by 2100, with nuclear dominant [22].
Technology Moderate to rapid innovation and deployment occur [29,30]. Technological innovation assists improvements in energy efficiencies and adoption of renewable
energy sources. Electric vehicles dominate by the end of the century, replacing hybrids as the preferred norm across total stock.
Economy GDP growth continues at a moderate pace [22], with somewhat more global convergence than the moderately-high narrative.
Environmental Global forest areas increase. Crop and grasslands reduce as policies aim to improve natural vegetation as part of climate mitigation and dietary
changes occur [13,22].
Urban growth Compact growth is favoured. Infill development as a proportion of total housing stock is increased, with development in urban and exurban centres around
transport and speciality hubs encouraged. Planning policies aim to improve public infrastructure.
Agriculture Relatively high agricultural productivity is attained [28]. With a high level of technological innovation, a higher total factor productivity (TFP) is achieved
compared to either the high or moderately high scenarios.
Low emissions
GHG Emissions Very low emissions, leading to approximately 427ppm CO2-e in 2100 [27].
Population Moderate growth [13,23,29].
Energy Primary energy consumption rises to approximately double that of year 2000. Oil consumption declines relative to use in 2000 by late century, but coal and
natural gas increase. Approximately half the primary energy mix is renewables and nuclear with biofuels dominating the renewables mix [13]. Reductions in
GHG emissions in this RCP are driven primarily by mainstream implementation of CCS technologies for fossil and bioenergy sources, improvements in energy
efficiency and adoption of renewable and nuclear energy [23].
Technology Climate policy leads to rapid improvements in energy technologies and efficiencies, with fast global deployment. Hydrogen fuel cell vehicles become
competitive due to increasing oil prices [23].
Economy Moderate to high income growth [13,23] and partial convergence (the highest level of all narratives) of international economic equity occurs.
Environment Global forest area declines. Areas of cropland continue to increase up to 2050 then stabilise, grassland remains relatively constant [13,23].
Urban growth Radical transformation in urban development policies, including higher levels of compact development, underpin urban climate mitigation actions.
New housing and industry developments are required to provide infrastructure services such as building efficiency improvements. Improvements to public
transportation infrastructure are made.
Agriculture Global cropland increases modestly to 2050 followed by stabilisation. Rapid technological advancement in the energy sector is not reflected in the agricultural
sector with a more moderate pace of technological improvement [23].
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Table 2. Explanatory variables supporting narratives for the four future urban development scenarios.
Explanatory Variable Description
Population The population of the Sydney basin followed the high, medium or low population growth trajectories (Series A, B or C respectively) extrapolated to 2100 [32].
Temperature Temperature data (mean monthly maximum, Tmax) was produced for each of the scenarios by the CSIRO Climate Projections Outreach Service using
a maximum consensus approach for the regions under study. The maximum consensus approach uses the full suite of climate models to project temperature,
identifying the climate future supported by the largest number of models, typically resulting in a climate future of intermediate impact, as opposed to a best
or worst case situation, for each RCP. Following identification of the maximum consensus climate future for each RCP, climate models were statistically
ranked in order to select the most representative models from which temperature was calculated [33]. Temperature increase results were applied to 1986–2005
baseline average monthly mean maximum temperature for each location [34].
CO2 CO2-equivalent concentration data per narrative was downloaded from the CMIP5 RCP database, as derived from [27]. CO2 equivalence data aggregated
from all anthropogenic forcings were used. Baseline annual global mean CO2-equivalent concentration data was taken from Mauna Loa Observatory [35].
Primary energy mix Developed from supporting RCP literature [20–23] and IPCC Special Report on Emissions Scenarios OECD 90 data [36].Where CCS was used, a negative
credit for CO2-e emissions was given based on the proportion of electricity generated from fossil sources (coal/gas) and biomass (assumed from ethanol
production), subject to CCS at the respective timepoint, assuming 90 percent efficiency of CCS.
Housing system
Proportion Infill to
Greenfield housing
The proportion of infill to greenfield housing development was based on objectives in the Sydney Metropolitan Plan [37]. Ratio changes from 70:30
infill:greenfield, in favour of infill as narratives tend to lower emissions.
Size of greenfield land parcel Average land parcel size for a house in a greenfield development reduced to 400 m2 in 2050 and 350 m2 in 2100. Reductions reflect current trends [38].
Persons per household Average household size in a greenfield location (3 persons) and infill location (2 persons) were based on Australian Bureau of Statistics data for representative
areas [15].
House construction Amortised over 50 years.
Direct land-use change Amortised over 20 years. Direct LUC refers to services installation, soil organic carbon changes due to impervious surface installation (e.g., concrete house
slabs) and earth and civil works such as roads [15].
Household operational energy Baseline household operational energy (heating/cooling requirements) for both housing in greenfield and infill locations was determined in [15] using data
from the Australian Energy Regulator [39]. A baseline of 7764 kWh and 5307 kWh respectively was used.
Increase in heating/cooling energy use with climate change related temperature rise for a 5 star house was estimated from [40]. A value for autonomous
energy efficiency improvement (AEEI) of between 0.25 and 0.75 percent was applied dependent upon the rate of technological change within each narrative.
Household transportation,
transportation technology
and fuel efficiency
Household transportation data representative of both outer suburban greenfield housing development and inner suburban infill medium storey apartments
was adapted from [15] to establish a baseline of transport mode differentiated between private car, public bus and train use. Household transportation was on
the basis of person kilometres (km) travelled by car, train or bus. Total household person kms remained static for each housing type at the two time horizons.
Allocation of travel kms differed between narratives depending upon modal shift, vehicle and fuel type. Modal shifts from private car use to public
transportation were dependent upon the level and type of urbanisation and technology change occurring. For car travel, person kms were allocated according
to the vehicle type defined in Table 3. For vehicles taking liquid fuels, the ratio of liquid fuel was a factor of efficiency gain and fuel types per time point.
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Table 2. Cont.
Explanatory Variable Description
Food system
Production location Displacement of lettuce production from PU Sydney due to urbanisation assumes food is replaced by production from regional locations (e.g., Victoria) in an
inelastic market. Sensitivity of lettuce to monthly mean maximum temperatures above 28◦C may cause further displacement of production to more southerly
climate-capable regions (e.g., Tasmania).
Lettuce yield change Yield change was calculated as a function of CO2 concentration and temperature rise [41] for each time point, combined with a factor for technological change.
Yield changes were assumed to be an increase in head weight per lettuce, meaning that the number of crop cycles per year was assumed static. Technology
change was captured in a modified TFP measure. TFP in Australian horticulture is approximately 1 percent. TFP measures implicitly include historical
increases in CO2. Decoupling technical change from CO2 effects suggests a lower rate of change due to production technology than the stated 1 percent
average would be appropriate [42]. TFP applied in this study ranged between 0.5 and 0.8 percent depending on narrative.
Lettuce transplants The number of transplants per ha was considered static. Any change in inputs for transplant production was a function of yield change.
Plants per hectare An average planting density of 50,000 plants per ha was assumed. Planting rates per ha remained static over the time period considered.
N:P:K fertiliser Function of yield change.
Farm machinery use Function of yield change.
Farm capital production
(e.g., machinery,
irrigation, sheds)
Static, amortised over relevant lifetimes depending upon equipment, for example 15 years tractor, 5 years hoe.
Pesticide/herbicide/insecticide Function of yield change.
Water use Function of yield change.
Electricity on-farm
(e.g., pumps)
Function of yield change, using energy mix and AEEI relevant to narrative.
On-farm emissions
(e.g., N2O from fertiliser,
VOC from pesticides)
Function of yield change.
Crop cycles per annum Static at 4.5 crop cycles per annum
Post-harvest washing Function of yield change.
Packaging crates –
polypropylene
Assumes all farms use polypropylene crates as opposed to single use cardboard cartons. Prior research has indicated that plastic crates may be preferable
where cardboard products are not recycled at end-of-life [43]. No change to quantity of crates required at 12 head per crate.
Coolroom No change to capital infrastructure inventory. Refrigeration energy is accounted for as a change in electricity mix and AEEI. Refrigeration power demand was
measured in [44] as a function of outdoor temperature, finding an increase of approximately 1.7 percent per degree celcius. Increase in energy due to rising
temperatures was tested for the Sydney PU farm, finding only a minor impact on GHG emissions (less than 0.25 percent). Consequently, accounting for
changes in coolroom energy as a function of change in Tmax was not performed for the scenarios.
Transportation to market No modal shift from road to other forms of transport was modelled for the food supply chain. Distance to the central Sydney fruit and vegetable market was
based on road distance by truck and, where necessary, sea freight between Tasmania and mainland Australia.
Indirect land-use change Indirect LUC because of further upstream crop displacements was evaluated under sensitivity testing, using the model of [45].
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Table 3. Quantification of explanatory variables.
Variable
Scenario
High Emissions Moderately-High Emissions Moderately-Low Emissions Low Emissions
2050 2100 2050 2100 2050 2100 2050 2100
Population, million (currently 4.7) 7.9 13.2 7.7 11.2 7.4 9.1 7.7 11.2
Housing ratio, infill (IF) :greenfield (GF) 70:30 70:30 80:20 85:15 85:15 95:5 85:15 95:5
Primary energy mix,
coal:gas:nuclear:biomass:renewable
65:20:0:
5: 10
CCS 5%
55:15:5:
7: 18
CCS 30%
45:35:5:
5: 10
CCS 10%
30:40:8:
7: 15
CCS 70%
45:22:10:
13:10
CCS 15%
30:20:20:
15:15
CCS 80%
25:45:10:
10:10
CCS 67%
15:35:15:
15:20
CCS 90%
Transportation
Household modal shift
car:train:bus
83:12:5 GF
73:15:12 IF
80:15:5 GF
70:18:12 IF
77:218:5 GF
64:21:15 IF
70:25:5 GF
53:30:17 IF
70:25:5 GF
55:28:17 IF
60:35:5 GF
40:40:20 IF
65:30:5 GF
45:35:20 IF
50:45:5 GF
20:60:20 IF
Fossil fuel efficiency gain across stock, % 20 30 25 40 35 50 45 60
Alternative liquid fuels for car transport, %
(for ICE 1 s and hybrids) 2
BF 5
NG 15
CTL/GTL
50
BF 7
NG 15
CTL/GTL
75
BF 5
NG 15
GTL 50
BF 12
NG 20
GTL 60
BF 10
NG 20
BF 15
NG 30
BF 15
NG 40
CTL 10
BF 30
NG 20
CTL 30
Vehicle type, ICE replaced with 3, %
HE 60
E 2
H2 FCV 0
HE 85
E 10
H2 FCV 0
HE 60
E 10
H2 FCV 0
HE 65
E 30
H2 FCV 0
HE 60
E 20
H2 FCV 0
HE 15
E 80
H2 FCV 0
HE 40
E 40
H2 FCV 10
HE 10
E 50
H2 FCV 40
Household operational energy and electricity use
Autonomous energy efficiency improvement (AEEI) 0.25 0.25 0.40 0.40 0.60 0.60 0.75 0.75
Food system
CO2-e concentration, ppm 628 1230 505 728 526 581 455 427
Modified total factor productivity (TFP), % pa 0.5 0.5 0.6 0.6 0.7 0.7 0.8 0.8
Average annual temperature, Tmax, changes, ◦C 1.8 3.7 1.3 2.5 1.4 2.0 1.0 0.9
Note: 1 ICE—Internal combustion engines; 2 BF—biofuel; NG—natural gas; CTL—coal to liquid diesel; GTL—gas to liquid diesel; 3 HE—hybrid electric vehicle using fossil ICE and
battery; E—electric; FCV—hydrogen fuel cell vehicle.
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2.5. Life Cycle Assessment and Inventory
LCI describing a housing system and a horticultural system (Figure 2), to be adapted as a baseline
for this study, was established in [15]. Two forms of housing were modelled: outer suburban
development in greenfield areas; and infill 4 to 6 storey apartment housing on existing vacant urban
land. Lettuce production was modelled as outdoor field production. Commonalities between field
farms were identified to establish the lettuce field production baseline for the purposes of this study.
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transport to market by road (Figure 2) [15]. To maintain regional relevance, primary data for the 
temporal baseline were informed by farmers and urban developers. 
Furthermore, direct (dLUC) and indirect land-use change (iLUC) were included. Earlier work 
has shown that dLUC aspects when transitioning land use to housing, including changes to soil 
organic carbon (SOC) when impervious surfaces (roads, concrete) are installed, services 
infrastructure (telecommunications, sewer and water) and civil and bulk earthworks, to be of 
potential significance for GHG emissions. For the same reason, iLUC occurring as a result of the 
dLUC, including upstream anthropogenic land-use change due to further crop displacements, was 
included [19]. This iLUC occurs to compensate for lost crop production from the PU area. The iLUC 
Figure 2. Life cycle inventory (LCI) for the housing and food systems contained within scenarios.
Housing LCI incl ded inputs of household water use, passenger kilometres by car, train or
bus, electrici y use, constru tion materials (such as c ment, concrete, ceramics, doors, copper, glass,
wood, paint, plasterboard, plastics, steel and insulation). Lettuce LCI inputs addressed: transplants
over growth phase until planting (including fertilisers, water, sand, peat moss, plastic trays, steel
and polyethylene for the transplant houses); on farm use f N, P, K fertiliser, water, farm bikes,
tractors, agricultural machinery (e.g., hoes), metal and polyethylene for irrigation, pesticides, and
electricity; post-harvest processing such as washing, crates, refrigeration infrastructure and electricity;
and transport to market by road (Figure 2) [15]. To maintain regional relevance, primary data for the
temporal baseline were informed by farmers and urban developers.
Furthermore, direct (dLUC) and indirect land-use change (iLUC) were included. Earlier work
has shown that dLUC aspects when transitioning land use to housing, including changes to soil
organic carbon (SOC) when impervious surfaces (roads, concrete) are installed, services infrastructure
(telecommunications, sewer and water) and civil and bulk earthworks, to be of potential significance
for GHG emissions. For the same reason, iLUC occurring as a result of the dLUC, including upstream
anthropogenic land-use change due to further crop displacements, was included [19]. This iLUC
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occurs to compensate for lost crop production from the PU area. The iLUC component is therefore
based on arable land displacement. It is worthwhile to note that if a reduction in infill densification
were to occur, more greenfield housing could be required, inducing further PU LUC and subsequently
increasing the iLUC contribution. Detailed analysis to assess densification changes to infill housing to
determine associated land expansion and emissions impacts would be a subject of future work.
LCI for the housing and food systems were modified as influenced by the explanatory variables.
As an example, the 2050 electricity mix for the high emissions scenario comprised 65, 20, 5 and
10 percent electricity from coal, gas, biomass and renewables, per proportions listed in Table 3.
Furthermore, a cut-off criteria of 1 percent of total GHG impact was used to determine which inventory
required modification at each future time horizon. For example, due to the relatively high contribution
of upstream electricity in potable water production, the electricity mix within water production
inventory was corrected to that of the appropriate time horizon. Similarly, concrete and steel used in
construction were modified for the energy mix pertinent at the time.
Data handling at each time horizon included a determination of new hectares of greenfield housing
required as a function of growth in population, housing type proportion, persons per household and
greenfield land parcel size. The theoretical yield of lettuce that could have otherwise been grown on
this area was established, adjusting for climatic variables of temperature and CO2 changes pertinent
at the time horizon. This theoretical yield required replacement from a more remote location, in this
case approximately 900 km south in Victoria, Australia. Victoria was the modelled remote location for
three reasons: current competition with PU production; transportation distances similar to those found
for imported fresh produce in other regions of the world (for example Mediterranean produce being
sent to other parts of Europe); and rising temperatures that are likely to increase lettuce production in
cooler southerly latitudes.
In this paper, the value of LCA is in quantifying relative environmental performance between
scenarios (that have the same system boundary), not necessarily in establishing absolute GHG emission
values. Establishing relative trends between scenarios, provides valuable guidance on ramifications of
interventions that differ between scenarios and dominant hotspots. Using regionally specific primary
data (such as that obtained through farmers and developers) serves to improve data accuracy. However
the inherent nature of LCA requires use of secondary data in the background. For example, the
farmer provides quantity and type of fertiliser used, but the emissions associated with the production
of fertiliser were obtained from a database, in this case the widely used EcoInvent database [46].
Using LCA for comparative assessment is therefore preferred. Some inconsistency in the temporal
aspect of baseline data necessarily occurs due to the multiple data streams and sources used for LCI.
For example, population data were projected from 2014, the transportation survey used to indicate
household travel by mode was conducted in 2010–2011, household operational energy was provided
from 2015, Tmax change projections involve a 1986–2005 baseline and baseline annual CO2 emissions
from 2014 were used. The impact is not expected to alter trends observed as each of the four scenarios
were developed from the same baseline and have the same system boundary.
2.6. Environmental Impact Characterisation
SimaPro 8.0.5.13 software using the Ecoinvent 3 unit process database [46] was used for
characterisation of GHG impact. The primary functional unit was the amount of PU land transformed
under each scenario. Results were reported firstly by total area of PU land transformed under each
scenario and secondly, normalised by population change for the relevant time horizon and city region.
Total GHG emissions (kg CO2-e) per time horizon and scenario were calculated using the ReCiPe
hierarchical method [47]. For iLUC calculations, the iLUC model (version 4.0) described in [45] was
used. In the absence of international consensus for modelling iLUC, this model was selected for
reasons of compatibility with SimaPro LCI and its empirical basis, where both intensification and
expansion effects are included: iLUC impacts in the arable land market include both intensification of
existing arable land and transformation from forest.
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2.7. Sensitivity
Scenarios implicitly evaluate sensitivity to those variables identified in Table 3. Sensitivity to two
further variables was assessed: further food displacement effects due to impact of Tmax on lettuce
growing thresholds; and sensitivity to years of impact for iLUC. No other food system variables were
tested for sensitivity due to the low overall impact of the food system.
2.7.1. Tmax
Lettuce has a critical temperature threshold of 28 ◦C (mean monthly maximum) above which
growth may be compromised (Lovatt et al., Wheeler et al., Wurr et al. in [48]). Sensitivity of growing
location to Tmax changes was considered at the 2100 time horizon.
2.7.2. Indirect Land-Use Change
Further potential upstream agricultural land-use modifications were considered through the
variable of iLUC. Such upstream land-use changes, such as deforestation, may occur in order to
compensate for lost crop production.
Sensitivity was not assessed for the moderately-low or moderately-high scenarios. The moderately-low
and moderately-high scenarios experience increases in forested areas (Table 1), hence it was assumed
that iLUC effects were transient with no overall deforestation.
However, for the low and high emissions scenarios, deforestation continues for some period of
time: in the low emissions scenario, to 2050; while in the high emissions scenario there is no cessation
of deforestation. The implication for the high and low emissions scenarios, given the permanence of
urbanisation combined with increasing populations requiring feeding, is that the years of impact of iLUC
increase beyond the default of 1 year. In order to bound a potentially infinite number of iLUC years of
impact, sensitivity to several time periods was evaluated, including up to 50 years of iLUC impact.
3. Results
GHG emissions results for each scenario are reported by area of PU land consumed to house
the change in population (Figure 3). GHG emissions, per area of PU land consumed and normalised
per the population change of Greater Sydney at the respective time horizon, are provided in Figure 4.
Presenting results on a per capita basis for the population change at the respective time horizon
provides a comparison of anthropogenic emissions caused by each additional person who comes to
reside in Greater Sydney. The corresponding amount of PU land absorbed by housing and the quantity
of associated fresh food displacement is detailed in Table 4.
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Figure 3. GHG emissions impact (kg CO2-e) per area of peri-urban (PU) land transformed for housing
under the four future scenarios at time horizons 2050 and 2100. Contributions are displayed from the
components: new housing in existing urban location; new housing in greenfield location; replacement
lettuce; and iLUC.
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Table 4. PU land consumption by new housing in greenfield areas and associated food displacement
under the four future scenarios.
2050 2100
Scenario New Housing(ha)
Quantity Lettuce Displaced
(t)
New Housing
(ha)
Quantity Lettuce Displaced
(t)
Low 224 4661 56.3 1924
Moderately-low 167 3579 11.3 408
Moderately-high 298 6341 169 6545
High 551 12,431 626 30,690
The importance of selecting a functional unit appropriate for the study purpose becomes
apparent when results are compared expressed per kg of displaced lettuce (Figure 5). LCA results for
horticultural products are often presented on a per kg basis. Viewing the results per kg of displaced
lettuce as in Figure 5, at firs glance, pr nts a favourabl result for the higher emissions scenarios.
This occurs due to a higher amount of PU LUC causing a higher quantity of lettuce displacement.
However, the quantity of lettuce requiring replacement to maintain market supply at equitable food
volumes is significantly higher in these higher emissions scenarios. The purpose of including results
per kg of lettuce here is to illustrate the importance of designing LCA studies for purpose, keeping the
bigger picture in mind. Reporting per total area of LUC as in Figures 3 and 4 provides a more correct
and comprehensive perspective on environmental impacts due to PU LUC.Land 2016, 5, 46 16 of 25 
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3.1. GHG Emissions
The housing system contributed 90 to 95 percent of GHG emissions across all 2050 scenarios,
primarily due to household operational energy use followed by transportation impacts. Replacing
displaced food from a more remote location to the Sydney market contributed 5 to 10 percent of total
scenario GHG emissions. The dLUC aspects of the PU LUC (services infrastructure, SOC changes due
to covering previously open land with impervious surfaces and civil and bulk earthworks) incurred
approximately 2 to 4.5 percent of total GHG impact.
The dominant hotspot for GHG emissions across all scenarios and time horizons was the use
of coal and natural gas in electricity mixes, principally for household operation. At the 2050 time
horizon, the assumptions surrounding higher use of CCS (two-thirds market penetration) combined
with a primary energy mix of one-third renewables and nuclear in the low emissions scenario
produced electricity impacts at 46 percent of total scenario GHG emissions. In contrast, electricity
represented 64 to 73 percent of total GHG emissions in the moderately-low, moderately-high and high
emissions scenarios.
Household transportation was a second GHG emissions hotspot. In 2050, household car travel
represented between 8 and 22 percent of GHG emissions, being for the moderately-low and high
emissions scenarios respectively. The low emissions scenario has a greater gain in fossil fuel efficiency,
higher biofuel use, a lower use of internal combustion engines and a larger modal shift from car to
public transport than the moderately-low scenario. However, the contribution of household car travel
to overall GHG impact (14 percent) is larger compared with the moderately-low scenario, driven by
the larger population change requiring housing and the consequent larger change in PU land use from
food production to housing. Train and bus transportation consistently return less than 4 percent of
GHG impact across scenarios.
The cement component used in construction of apartments in the housing system is a third hotspot
for GHG emissions in the low and moderately low scenarios. For example, at the 2100 time horizon,
emissions from cement production incur 21 and 17 percent of total emissions respectively. Producing
cement requires large quantities of energy and produces large amounts of CO2 emissions, partly
due to the energy required and also due to the calcination process of converting limestone (calcium
carbonate) into calcium oxide and CO2. In this study, no CCS was applied to the CO2 generated in the
limestone conversion. It would be a reasonable expectation that the two lower emissions scenarios
would experience fewer impacts from the CO2 aspect of cement production if CCS were included for
cement production.
Surprisingly, the moderately-low emissions scenario exhibited the lowest GHG emissions impact
as a function of PU land transformed at year 2100. A lower emissions impact is explained by this
scenario possessing the lowest population growth: the moderately-low scenario is the only low
population growth scenario. Lower population growth has driven less demand for new housing in
greenfield areas, thereby causing less PU LUC. However, when normalised for population per capita
emissions follow the expected trend. Per capita emissions are higher than the low scenario, despite the
moderately-low scenario sharing the same ratio of housing type. Higher per capita emissions result
from less market penetration of carbon capture and storage technology and a reduced modal shift to
electric and hydrogen fuel cell vehicles for household transportation.
At the 2100 time horizon, changes in the primary energy mix favouring CCS, nuclear and
renewables, combined with improved energy efficiencies, reduced the contribution of electricity
to scenario GHG emissions. Electricity impacts declined to 21, 49 and 59 percent respectively for the
low, moderately-low and moderately-high scenarios. Reduced electricity impacts occurred despite
increases in household operational energy used for space cooling coinciding with rising temperatures.
For example, in the moderately-high scenario a 2.5 ◦C average annual Tmax rise approximately doubled
household operational energy compared with that of the baseline. However, with an electricity mix
including one-third nuclear, biomass and renewables and 70 percent market penetration of CCS, the
electricity contribution to GHG impact declined from 70 percent at the 2050 time horizon to 59 percent
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in 2100. In the low emissions scenario, electricity use for household operation experienced a net decline
by 2100 due to assumed energy efficiency improvements outweighing the corresponding increase in
cooling energy required for an average annual Tmax rise of 0.9 ◦C. In contrast, for the high ‘business as
usual’ scenario, electricity contribution to GHG impact increased from 55 percent in 2050 to 79 percent
in 2100. This increasing result was due to the additional household operational energy required for
an average Tmax rise of 3.7 ◦C, after accounting for an AEEI rate of 0.25 percent, combined with low
market penetration of CCS and a primary energy mix dominated by fossil sources.
3.2. Sensitivity Testing
3.2.1. Tmax Effects
Scenarios were not sensitive to Tmax effects on lettuce seasonality. Tmax effects could potentially
reduce the growing season in regional Victoria, under the high emissions scenario in 2100, by
approximately two months. However, analysis determined that this ‘worst case’ scenario was not
sensitive to bringing lettuce from Tasmania for a two month period to complement regional production.
3.2.2. Indirect LUC
GHG emissions were sensitive to assumptions pertaining to iLUC. At the 2050 time horizon,
the default one year of iLUC contributed a low 1 percent or less to overall scenario GHG impact.
However, 10 years of iLUC impact increased total GHG emissions to approximately 9 percent for the
low emissions scenario and 4 percent for the high emissions scenario. Further years of impact were
evaluated for the high emissions scenario, as no cessation of deforestation occurs. At the 2100 time
horizon, twenty years of iLUC impact increased GHG emissions by 9 percent, while 50 years of impact
resulted in a 23 percent increase in total GHG emissions. The changes in percent contributions to total
scenario emissions are illustrated in Figure 6.Land 2016, 5, 46 18 of 25 
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of GHG changes across other sectors would be required to assess how such increases compromise
efforts to meet Australian reduction targets. What has been shown, however, is that the increase in GHG
emissions due to the urbanisation of PU land appears significant enough to warrant further attention.
The difference in GHG emissions between the high and low emissions scenarios was
approximately 0.7 Mt CO2-e per year at the 2100 time horizon. If such differences were incurred
throughout other Australian capital cities, this result could potentially be an order of magnitude larger.
To put this into context, Australia’s road transport emissions in 2012 were 77 Mt CO2-e and domestic
aviation 7 Mt CO2-e. Domestic aviation, domestic shipping and rail together account for less than 1 Mt
CO2-e of abatement in 2020 and 3 Mt CO2-e of abatement in 2030, mainly due to fuel switching in
domestic aviation [50].
Pursuing a national low emissions approach to housing development, with robust, proactive
climate policies, as opposed to a business as usual approach, may provide a potentially valuable
mitigation opportunity. Minimising greenfield development in favour of infill housing in existing
urban locations with retention of PU horticultural land additionally minimises unknown upstream
iLUC effects, the impact of which could be large. Furthermore, future constraints around water and
arable land availability in more remote locations may further confound the ability to replace displaced
PU horticultural production, the examination of which would need to be the subject of future research.
National Australian reduction targets required 126 Mt CO2-e of absolute abatement for the
year 2019–2020 in order to achieve a 5 percent reduction on 2000 levels [51]. Recently established
2030 targets, requiring 26 to 28 percent reductions on 2005 emissions, require 19 to 22 percent reductions
on 2000 levels. However, relative to 2000, 2012 GHG emissions in Australia rose by approximately
14 Mt CO2-e to 600 Mt CO2-e, or 2.5 percent. Emissions are predicted to increase a further 85 Mt CO2-e
in 2020, or 17 percent higher than 2000 levels [50]. Given the overall aim of reducing absolute CO2
emissions, maintaining a business as usual approach to PU LUC and urban development, as in the
high emissions scenario, potentially compromises these targets. The lock-in GHG risk associated with
installing permanent housing infrastructure in PU locations would require additional decarbonisation
in other sectors to offset growth in emissions due to continued PU LUC.
Furthermore, the locked-in nature of greenfield housing in outer suburban regions compromises
future capacity to capitalise on technology changes in the food production sector. By consuming
land for housing, less land remains to allow for future installation of alternative technology food
production systems, such as high technology greenhousing. The capability of these high technology
food systems to increase output at lower GHG impact and improve resilience of urban communities is,
to date, understated.
Improving knowledge of the type of interventions that may affect the greatest emissions reductions in
order to feed and house urban populations is important for policy makers. The low and moderately-high
scenarios have identical population trajectories, meaning that differences between these scenarios
serve to illustrate how assumptions surrounding energy mix, housing form and transportation may
change GHG emissions. For example, at the 2050 time horizon, electricity contributed 46 percent
of GHG impact in the low, versus 70 percent in the moderately-high scenario. Influencing this
difference was the estimated market penetration of 67 percent CCS in the low and 10 percent in the
moderately-high emissions scenario. However, CCS technology currently remains in the development
stages, with unproven commercial viability at large scale. Exacerbating viability issues in the current
Australian context is uncertain investment support for clean energy. How carbon reductions will be
achieved without significant market penetration of CCS and a renewables friendly economy is not
clear. A further difference driving lower emissions was the increased proportion of infill housing
in the low scenario. Yet actual implementation of higher density dwellings around existing urban
centres is fraught with challenge. Startling differences between public opinion and government policy
exist, with residents preferring a significantly lower level of higher density housing combined with
low acceptance levels for increasing density in one’s own suburb [52]. Implementing interventions
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such as CCS with higher density housing may require a paradigmatic shift. A shift that incorporates
cross-sectoral energy saving measures into urban planning at the regional scale [53].
Electricity was the foremost driver of emissions. For the low, moderately-low and moderately-high
emissions scenarios, the contribution of electricity, and overall GHG impact, declined from 2050 to 2100.
Critically, this decline was not observed in the high emissions scenario. In contrast, in this business
as usual approach, GHG emissions increased in 2100, with electricity due to household operation
increasing by a considerable 47 percent. This large increase serves to highlight the importance of
assumptions not only around the use of CCS, but as importantly, the impact of climate change
on household operational requirements in mixed climate zones. In a mixed climate zone such as
Sydney, the increased need for cooling energy, particularly in greenfield style development, should
drive the need for further backcasting studies with spatial relevance. Backcasting studies may assist
investigation into housing standards and geographic constraints relevant to mitigation under particular
climatic outcomes.
Indirect LUC effects are not considered in national estimates of projected land use and LUC, which
has potential ramifications for transparency. In 2012, emissions from the land use, LUC and forestry
(LULUCF) sector in Australia accounted for 21 Mt CO2-e, 4 per cent of Australia’s total emissions [50].
This study finds that contribution from 50 years of iLUC impact in the high scenario, considering
that no cessation of deforestation occurs, approximates 0.15 Mt CO2-e per annum, or 0.7 percent of
Australian 2012 LULUCF emissions. If similar business as usual urban consumption patterns are found
across the nation, the iLUC affect would be proportionally larger and not insignificant. Even when
only the default one year of iLUC impact is considered, differences in total GHG emissions between
the low and high scenarios approximate 3 percent of Australian LULUCF emissions. If such figures
were to be considered at a national scale, the emissions impact of PU LUC due to urban consumption is
compelling. However, PU LUC is not typically considered in LULUCF accounting as it is not classed as
afforestation, reforestation, or deforestation. Other ramifications of iLUC effects on public policy could
include impacts on estimates of urban ecological footprints. Urban ecological footprints are designed
to estimate the amount of natural capital extracted to support an urban area and are frequently used
as a policy communication tool [54]. Not considering iLUC impacts associated with displacement
of horticultural production from PU areas would result in the biophysical inputs appropriated by
urban residents being underestimated. Further transparency of LUC accounting for estimation and
mitigation reasons should consider PU LUC due to urban development.
Interestingly, it is the intensification aspect of iLUC, as opposed to the land expansion component,
that is responsible for increased influence as the more years of iLUC impact are chosen. Similarly,
modelling performed for RCP8.5 in [21] determined that one quarter of the rise in GHG emissions
was due to intensification of agricultural production and associated increase in fertiliser use and N2O
emissions (while the remaining three quarters was from the energy sector).
5. Limitations
Storylines exclude abrupt perturbations of climate such as droughts or floods. No argument is
made as to the realism of these scenarios. The politics and nature of economic reform that may be
required to address future demands on government finances and government capacity to respond were
not considered. Policy interventions that would support a scenario may not exist: policy examination
is out of scope. Evidence exists to suggest that technology may not be adapted at the rapidity
required, with labour productivity growth dominating per capita incomes, as opposed to multifactor
productivity [55]. Urban heat island effects were not considered. Similarly, neither were any increased
urban cooling effects due to urban afforestation.
5.1. Lettuce
The scenarios assume PU land displaced was all food producing land, modelled as lettuce.
Obviously other agricultural systems occur on displaced land, the consideration of which would
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require an expansion in the number of assessments. Changes in temperature, precipitation and CO2
levels may alter both the crop cycle duration and the seasonality of the crop. Interactions of other
climate variables (such as ozone), changes in crop water requirements, crop maturation, spoilage,
pest and disease issues and market elasticity were not considered. Furthermore, water scarcity was
not examined. How water availability and withdrawals will change in each geographical location
would require detailed hydrological modelling. Ready availability of inputs, such as fertilisers,
was not challenged. Potential underestimation for Tmax at the 2100 time point may occur as
available temperature data was averaged for the period 2080–2100, reflective of 2090. High technology
production forms that may supplement displaced vegetable production were not included. For the
Australian context, with very little adaptation of high technology growing systems, the way in which
alternative growing technologies might be adopted remained ill-defined and hence not included in
quantitative modelling. How different levels of adoption would influence results would be a valuable
comparison in future research.
5.2. Transport
The same gains in fuel efficiency were applied to cars, trucks and buses, which may overestimate
gains for trucks used during lettuce delivery and for bus transportation. Electricity from renewable
sources was the power source for electric cars and buses. Buses and trucks with internal combustion
engines were assumed to use either diesel or biofuel. Cars with internal combustion engines
additionally used petrol and natural gas in the fuel mix. Buses included only internal combustion and
electric vehicles. Keeping household kilometres static under future scenarios is a simplistic assumption,
as total household kilometres may change with future urban development. However the degree to
which this may occur in the future is unknown and a simple approach was justified.
5.3. Energy
CCS infrastructure was not included as no relevant LCI was located at the time of this study.
Renewable energy was split 50:50 into wind and solar. Adjustment to household operational energy
with temperature rise was based on average monthly Tmax changes, as opposed to mean monthly
temperature changes, which may generate slight but not significant differences in the overall scenario
trends. Future household operational energy applied to a 5 star house. The star rating of houses in
Australia refers to the level of thermal energy performance of a building within a climate zone, ranging
from a low of zero to outstanding thermal performance at a rating of 10 stars. Currently, average star
rating of existing housing stock is approximately 2 stars (Energy research for the building code of
Australia in [40]). A 5 star house has been identified as being optimal from a thermal efficiency gain vs
cost benefit [56]. New detached houses are typically built to a 6 star rating, with apartments 3.5 stars,
meaning that over time, housing stock average will increase relative to current stock and without the
influence of climate change. Assuming a 5 star rating would overestimate current stock averages but
as more stock is built the average would be expected to approach higher ratings given a static climate.
6. Conclusions
This study evaluated GHG emission trends under four future urban development scenarios,
at 2050 and 2100 time horizons. The exploratory scenarios were designed as tools to engage with
uncertainty surrounding possible future GHG emission impacts associated with peri-urbanisation.
Results show that differences in approaches to housing future urban populations have significance for
mitigation. Embracing fresh food production is a necessary component when evaluating resilience of
urban areas and associated environmental impacts of PU development. However, strategic focus on
urban form, primary energy mix and carbon capture and storage technologies would be appropriate to
ensure larger mitigation opportunities are realised for urban development in PU regions. To capitalise
on mitigation opportunities, current politico-legal structures and associated cross-functional linkages
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require deeper analysis and change. Further development of these scenarios would require feedback
from policy makers.
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Appendix F 
Lettuce Farm Questionnaire 
Note: some minor changes to this template were made for greenhouse data 
collection; for example, construction materials.  
(Minor editorial changes e.g. capitalisation, alignment, have been made.) 
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Lettuce questionnaire: Information will be kept confidential and be used to examine the
environmental impact of different parts of the lettuce growing cycle. Information will also be 
obtained from other parts of the production cycle (eg. Fertiliser manufacture, transportation of 
product, retail and consumption).
Part 1: Background 
Background 
Name of property 
Name of grower/manager 
Address 
Phone 
Fax 
Email 
Soil type under lettuce 
Land size (ha) 
Length of time land in your 
ownership (years) 
Do you intend to keep 
farming? 
Part 2: Land Use General 
Land Use – General 
Land use – general description 
and size (ha or m2) 
(how is the land divided, e.g. 
housing, different crops, 
storage etc)? 
What is involved in caring for 
the land/ sustaining it for the 
long term (e.g. care for soil, 
mulching, biodiversity, weed 
control, incorporating green 
crops)? 
What is the 
time 
involved per 
annum 
(days) 
________ 
days 
What other crops or animals 
do you have? 
What proportion of this farm 
is lettuce? 
_____________ ha   
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How long have you grown 
lettuce (years)? 
_________years 
What is the planting density 
(i.e. space between lettuce)? 
Bed width ______ m Number of rows per bed _______ 
What is the annual yield of 
lettuce? Number of lettuce per year harvested: _________ plants
Total weight kg/annum: ____________kg 
Type of lettuce growing Area amount (tick how 
measured, either 
ha or m2) 
Total annual lettuce yield 
when harvested (kg) 
Total annual 
lettuce yield 
after 
Indoor hydroponic m2 
     or 
ha 
Outdoor hydroponic m2 
     or 
ha 
Outdoor field m2 
     or 
ha 
Part 3: Cropping Cycle 
Cropping Cycle 
What are the key operations 
of the cropping cycle (e.g. 
transplanting, pruning, 
removal of leaves, fertilising, 
spraying, harvesting, crop 
removal)? 
Time involved: 
Time involved: 
Time involved: 
Time involved: 
Time involved: 
Time involved: 
Time involved: 
Time involved: 
Time involved: 
What machinery is involved? 
Are seeds or transplants used? 
(tick which one)  Seeds      OR   Transplants   
If using transplants: 
Do you grow your own?  
 Yes    No  Both 
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If NO or Both, what does it cost to buy transplants in? 
$__________/1000 transplants 
How many transplants are discarded before or during planting? 
(e.g. by % or discards per 1000 transplants) 
If seeding: 
Are the seeds pelleted or unpelleted? 
 Pelleted   OR    Unpelleted 
What is the sowing rate? 
________kg/ha 
What is the cost of the seed? 
$__________ for how many kg of seed? ______kg 
Where do the 
seeds/transplants come from 
and how often? 
How do they arrive at the farm 
(e.g. truck, car, bulk delivery)? 
What packaging do they arrive 
in? 
What happens to the 
packaging? 
Is thinning during the growing 
period required?  Yes   No 
If thinning is done, how many 
plants are typically removed 
per hectare? 
Are there set periods of 
harvest, or is lettuce planted 
so that there is year-round 
supply? 
How is the crop harvested 
(mechanically or manually)? 
Time involved:  
_________days/year 
What happens to the 
unharvested crop (e.g. 
ploughed back in, composted, 
burnt, buried as green 
manure)? 
Explain the size and system of 
composting, or ploughing, etc. 
Time involved:  
_________days/year 
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Do you practise crop rotation? 
If so, what is the rotation 
sequence/frequency? 
What cover crop is grown if or 
when lettuce is not able to be 
grown (e.g. if summer is too 
hot for lettuce, what other 
crop is grown during this 
time)? 
If a cover crop is grown, does it 
receive any chemical 
applications (e.g. fertilisers, 
pesticides) or irrigation? 
What is the incidence of crop 
failure (e.g. loss of a crop due 
to frost, rain, heat, or other 
weather-related damage or 
pests; how many crop failures 
over the past 5 years)? 
Please indicate on the table below what lettuce varieties are planted, harvested and yield, in what 
month. This table aims to inform us of questions such as: 
• In what month does harvesting begin? (Does this vary for varieties?)
• What is the time to maturity for plants? (Does this vary for varieties? If so, then
how?)
• How many sequences or harvests occur?
• What is the time between harvest and planting?
• How many months of harvesting operation take place?
• In which months of the year is it viable to grow lettuce? (Does this vary for
varieties?)
Month 
planted 
Varieties of lettuce 
(e.g. crisphead, 
butterhead, cos, 
looseleaf) 
Area planted Month 
harvested 
Yield in field 
(kg) 
Waste 
(kg) 
January 
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Month 
planted 
Varieties of lettuce 
(e.g. crisphead, 
butterhead, cos, 
looseleaf) 
Area planted Month 
harvested 
Yield in field 
(kg) 
Waste 
(kg) 
February 
March 
April 
May 
June 
July 
August 
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Month 
planted 
Varieties of lettuce 
(e.g. crisphead, 
butterhead, cos, 
looseleaf) 
Area planted Month 
harvested 
Yield in field 
(kg) 
Waste 
(kg) 
September 
October 
November 
December 
Part 4: Inputs – Fertilisers and Chemicals 
Cropping Cycle 
What pests and diseases are 
prone to attack your lettuce 
crop? 
At what time of year? 
Do you perform a soil analysis 
to identify soil pH and also to 
determine the best amount of 
fertiliser to apply? (Please 
describe type of test) 
How often is the testing 
conducted? 
Check if these are 
tested: 
 Nitrogen 
 Potassium 
 Phosphorus 
 Soil organic 
carbon 
 Other? List: 
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Do you use any animal 
manures to assist reduction in 
use of other fertiliser? 
Describe Period before can 
sow? 
Do you use any composts to 
assist reduction in use of other 
fertiliser? 
Describe Period before can 
sow? 
What is the target rate of the 
following fertiliser that is 
optimum for lettuce on this 
property (kg/ha or kg/m2) 
(if known)? 
Nitrogen _____________kg/ha 
Phosphorus ___________kg/ha 
Potassium: ___________kg/ha 
How do fertilisers/pesticides 
arrive at the farm (method of 
transportation, by whom and 
how frequently)? 
Please fill in the following information for annual usage. Write the commercial name and the nearest 
amount used for the following inputs wherever applicable. (Use the appropriate unit, e.g. kg, tonnes, 
L.) 
If you only have a dollar value, please provide that because the quantity can potentially be worked 
out from the dollar value spent. 
Fertilisers (commercial name) 
(N, P, S, K) 
Amount – e.g. litres and how frequently 
(or $ value if not known) 
1 
2 
3 
4 
Insecticides (commercial name) Amount 
1 
2 
3 
4 
5 
Herbicides (commercial name) Amount 
1 
2 
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3 
4 
Fungicides (commercial name) Amount 
1 
Bio-stimulants Amount 
1 
Cocopeat (commercial name) Amount kg or bags 
1 
Calcium (e.g. lime, gypsum, dolomite) 
(commercial name) 
Amount kg or bags 
1 
Manures Amount 
1 
2 
Wetting agent Amount 
1 
Part 5: Inputs – Diesel, Fuel, Oil, Electricity 
Please list the litres of petrol/oil/diesel/electricity required for your operation for lettuce during a 
typical year. Please indicate how you reach this figure. 
Fuel type Amount 
(total) 
Used for (what and amount) Data source 
Written 
document Calculated Estimated
Petrol 
Oil 
Diesel 
Gas 
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Power – mains 
electricity 
Power – other 
if applicable 
(e.g. solar, 
other 
renewable)? 
x 
Please list type and amount of any other production input that is replenished in a typical production 
year (e.g. any mulch, machinery, storage facilities): 
How many people work on your farm full time (and how many hours do they work)? 
How many people work part time (and how many hours do they work, and what times of year)? 
What is the average distance and time travelled by employees to the farm? What is the method of 
transport? (e.g. drive individually, 25 km) 
Pump 1 Pump 2 Pump 3 Pump 4 Shed 
Total 
Part 6: Irrigation 
Irrigation 
What is the typical 
irrigation requirement 
for lettuce cultivation for 
your operation?  
______ L/m2/year OR  
______ m3/ha/year OR 
______ ML/ha/year 
What is the irrigation 
pattern during a lettuce 
planting to harvest cycle? 
(e.g. days water applied before reducing irrigation amount) 
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Do you use soil moisture 
monitoring equipment 
(e.g. tensiometers or 
capacitance probes)? 
If using tensiometers, 
approximate depth of shallow tensiometer: ____ mm 
approximate depth of deep tensiometer: _____ mm        
If using capacitance probes, do you own or lease the equipment? 
Do you measure the 
conductivity of the 
irrigation water or 
effluent water? 
If yes, what is the normal conductivity of the irrigation water (µS/cm) 
and/or chloride content (mg/L)? 
Please list the sources of 
irrigation water for 
lettuce production (e.g. 
river, bore, town supply, 
harvested rainwater, 
recycled water) 
River water _________ ML/year 
Town water _________ ML/year 
Bore water _________ ML/year 
Harvested rainwater _________ ML/year (all dam water) 
Recycled treated water _________ ML/year 
TOTAL IRRIGATION WATER _________ ML/year 
If harvesting rainwater, 
what sort of catchment is 
used (e.g. dam, tank)? 
What is the irrigation 
system (e.g. overhead 
sprinklers, drip, furrow, 
hydro)? 
Materials used? Brand? 
Irrigation pumps 
Number of pump/s: 
Energy used for pump/s: 
Size or capacity (kW) of 
pump/s (if known): 
Time pump/s is in use 
(if known): 
4 
2 
What time does it take to 
maintain irrigation 
equipment per annum? 
Part 7: Packaging and Transportation 
Packaging and Transportation 
How do you pack lettuce (type 
of materials, e.g. plastic trays, 
corrugated cardboard boxes, 
waxed fibreboard)? 
What quantity are packed into 
a carton? 
Amount of packaging material 
per lettuce (e.g. 5 kg cardboard 
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boxes for 40 lettuces, 1 kg 
plastic tray)? 
Is the packaging different for 
different lettuce varieties? 
How many cartons are typically 
shipped in a delivery? 
Are the cartons single use or 
reusable? 
Do you pre-cool the lettuce 
(e.g. using forced air-cooling or 
vacuum cooling)? 
- 
How long is the lettuce stored 
on site before transportation? 
Is ethylene gas used during 
storage of packed product or 
for transportation? If so, what 
quantity of ethylene? 
Time involved / day in packing 
lettuce? 
Is there any additional waste 
not listed above due to the 
packaging operation (i.e. 
harvested but not packed, or 
unsold crop)? 
How much water is used for 
washing lettuce? 
_________ ML/kg or other value (specify):_________ 
Are any other chemicals used 
during washing (e.g. sodium 
hypochlorite)? 
How much water is used for 
cleaning sheds and equipment? 
_________ ML/kg or other value (specify):_________ 
Are the vehicles used to 
transport to market 
refrigerated? 
What temperature is the 
lettuce at when loaded into the 
transportation vehicle (e.g. 
0°C, room temperature)? 
Do the vehicles require any use 
of water (e.g. spray) during 
lettuce transport? 
What weight do the trucks 
carry? What proportion of this 
is lettuce? 
How often are the trucks full? 
Who are the transporters? 
Can I contact them? 
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At market receipt: 
What quantity of 
transported lettuce is 
unsaleable (e.g. % or 
kg/tonne received)? 
Where does this waste at 
market go (e.g. landfill, 
compost, animal feed)? 
Part 8: Worker and Food Safety 
Worker and Food Safety 
What food safety regulations are you aware of? 
How do you implement these? 
What worker safety regulations do you 
implement (e.g. work hours, safety with 
machinery and chemicals, dehydration and 
sunburn)? 
Part 9: Final Steps and Further Contact 
Final Steps and Further Contact 
What other inputs are there (items used on the 
farm for production in any form, at any time) 
that may be missed in this questionnaire? 
What other factors are involved in the time 
taken/needed for lettuce production (e.g. paper 
work)? 
In order to attain the best accuracy and outcomes we may need to obtain further data. 
Can we contact you in the case of missing data?   
YES   /   NO 
Thank you for your time.  
